COMPLIANT BEHAVIORS FOR SUPERVISED AND
AUTONOMOUS ROBOTIC OPERATIONS

BY

JOSEPH D. CRESSMAN

Submitted in Partial Fulfillment of the Requirements for the Degree of

Master of Science

Electrical, Computer and Systems Engineering Department

CASE WESTERN RESERVE UNIVERSITY

May, 2023



COMPLIANT BEHAVIORS FOR SUPERVISED AND

AUTONOMOUS ROBOTIC OPERATIONS

Case Western Reserve University
Case School of Graduate Studies

We hereby approve the thesis! of

Joseph D. Cressman
for the degree of

Master of Science

Wyatt Newman

Committee Chair, Advisor
Electrical, Computer and Systems Engineering

M. Cenk Cavusoglu

January 17, 2023

Committee Member
Electrical, Computer and Systems Engineering

Zonghe Chua

January 17, 2023

Committee Member
Electrical, Computer and Systems Engineering

January 17, 2023

"'We certify that written approval has been obtained for any proprietary material contained

therein.



Contents

1 Introduction

2 Methods
21 Overview . . . . . ...
2.1.1 Admittance control and Virtual Attractor . . . . .. ... ..
2.2 Behaviors . . . .. ..
2.2.1 Pose Target Wrench Limiting . . . . ... ... .. ... ...
2.2.2  Reset Wrench Equilibrium . . . . .. ... ... ... .....
223 Dither . . . ... o
3 Tasks
3.1 Berthing . . . . . . . ..
3.2 Pluginsertion . . . . . . .. ..
3.3 Opening and closing a latched door . . . . . . . .. .. .. ... ...
3.4 Wide, shallow lid installation . . . . . .. ... ... ... ... ...
3.5 Socket wrench insertion . . . . . .. ..o
4 Capture
4.1 Simulation . . . . ...
4.1.1 Fixed Vehicle . . . . . ... ... oo
4.1.2 Freevehicle . . . . . ...
4.1.3 Deliberate distance overestimation . . . .. .. .. ... ...
4.1.4 Teleporting Attractor . . . . . . . .. ... ... ... .. ...
4.1.5 Positive Feedback Attractor . . . . . . ... ... ... ...
4.1.6 Fixed Displacement Attractor . . . . ... ... ... ... ..
4.2 Hardware Experiments . . . . . . . . .. ... ... ... ... ....
4.2.1 Wheelie Satellite . . . . ... ... ... ...

No RN« N & NI =)



4.3 Airbearings . . . . . . ... 48

4.3.1 Construction . . . . . . . . ., 48
4.3.2 Tracking . . . . . . . . 50
4.3.3 Experiments . . . . .. ... Lo 53
5 Discussion and Future Work 56

i



List of Figures

B =TS, B U U

10
11
12
13
14
15
16
17

18

19

20
21

The layers of the control architecture. . . . . . . .. . ... ... ...
A 2D schematic of the virtual attractor. . . . . . ... ... ... ..
A system diagram of the admittance controller . . . . . . . . ... ..
An overhead photo of the experimental setup for berthing. . . . . . .
A step-by-step illustration of the berthing procedure. . . . . . . . ..
A flowchart of the berthing state machine. . . . . . . . .. ... ...
A plot of the attractor position and orientation during three automated
berthing operations. . . . . . . ... ... oL
A plot of the measured forces and torque during three automated
berthing trials. . . . . . . . ... ... L
The steps involved in plug insertion . . . . . . . . ... ... .. ...
A screenshot taken during the plug insertion process. . . . . . . . ..
Attractor placement for door opening . . . . . . .. ... ... L.
A screenshot taken during the door manipulation . . . . . ... ...
Exaggerated geometry of the saucepan and lid. . . . . . ... ... ..
The steps for saucepan state lid placement. . . . . . . . . . ... ...
The initial contact forces during socket shank insertion . . . . . . ..
An illustration of the steps involved in shank insertion. . . . . . . ..
Hybrid capture with velocity control until contact and compliance

thereafter. Yellow is the satellite position, and blue is the robot end-

A schematic diagram of the modified accommodation controller. . . .
A schematic representation of the physical model used for initial sim-
ulation. . . ...
Simulated 1-D capture under strict trajectory control. . . . . . . . ..

Flowchart of the simulation loop. . . . . . . . ... ... ... ....

il



22

23

24

25

26

27

28

29

Simulated 1-D capture with a bumpless transition into compliance.

The simulated system with a free-floating robot base. . . . . . . . ..
Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base . . . . . . . ... oL
Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base, where the distance to the robot is deliberately
underestimated. . . . . . ...
Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base, where the attractor was teleported forward upon
contact. . . ... Lo
Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base. The attractor motion is equal to the robot
motion plus a constant displacement. . . . . . . ... ... ... ...
Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base. The attractor position is equal to the robot
motion plus a constant displacement and the attractor (feedforward)
velocity was taken from the planned trajectory. . . . . . .. ... ..
The top left quadrant is a view from the robot’s onboard POV camera,
while the bottom left quadrant is a view from an external camera.
The top right shows a plot of the robot’s position as a function of
time, where the cyan curve is the relevant axis. The lower plot shows
the measured forces as a function of time (The magenta curve is the

relevant axis). . . . . .. ..o

v

36

39

41

42

43

44



30

31
32
33

The top left quadrant is a view from the robot’s onboard POV camera,
while the bottom left quadrant is a view from an external camera.
The top right shows a plot of the robot’s position as a function of
time, where the cyan curve is the relevant axis. The lower plot shows
the measured forces as a function of time (The magenta curve is the
relevant axis). . . . . . ...
A cross sectional diagram of the air bearing. . . . . . ... ... ...
A flowchart representation of the EKF . . . . .. .. ... ... ...

A screenshot of the console during capture testing. . . . . . .. ...



Compliant Behaviors for Supervised and Autonomous Robotic

Operations

Abstract
by

JOSEPH D. CRESSMAN

The demands of traditional industrial robotics differ significantly from those of re-
mote, supervised operations in hostile environments, such as operations in space.
While industry requires robots that can perform repetitive tasks with precision and
speed, the space environment needs robots to cope with uncertainties, dynamics, and
communication delays or interruptions, similar to human astronauts. These demands
make a well-suited application for compliant robotics and behavior-based program-
ming. Pose Target Wrench Limiting (PTWL) is a compliant behavior paradigm
developed specifically to meet these demands. PTWL controls a robot by moving
a virtual attractor to a target pose. The attractor applies virtual forces, based on
stiffness and damping presets, to an underlying admittance controller. Guided by
virtual forces, the robot will follow the attractor until safety conditions are violated
or success criteria are met. PTWL was tested on a variety of quasi-static and dy-
namic tasks that may be useful for future space operations. Results demonstrate that
PTWL is a powerful tool. It makes teleoperation easy and safe for a wide range of
quasi-static tasks. It also facilitates the creation of semi-autonomous state machines

that can reliably complete complex tasks with minimal human intervention.



1 Introduction

Space operations have long been a driver of robotic technology. Maintenance tasks
often require complex manipulation and real-time adaptability at which humans ex-
cel. Unfortunately, these tasks also expose astronauts to dangerous conditions and
waste their valuable time. Ideally, robots should perform dangerous tasks under the
supervision of ground based operators. In practice, transmission latency and inter-
ruptions make this difficult. A robust and adaptable control scheme is necessary to
overcome these challenges.

In terrestrial applications, safety, efficiency and competence can often be synergis-
tically achieved by pairing a human operator with a robot. Competence can generally
be increased by closely coupling the remote task to the human operator’s actions and
senses. For example, in First Person View (FPV) drone racing, an operator wears
goggles that stream live video from the drone directly to the eyes. This helps to
immerse the operator; making them feel like they are actually piloting from a cockpit
on the drone. Combined with the analog joysticks on the remote controller, FPV
allows the operator to react quickly to obstacles and to naturally adjust to variable
wind conditions ([1]).

Unfortunately, for many situations immersive telepresence is impractical or even
counterproductive. If latency between performing an action and observing the re-
sult is on the order of 1/10th of a second, the operator may experience nausea [2].
Significant time delays also have the potential to cause instability [3]. When an op-
erator performs an action and does not immediately see results, they may exaggerate
their input to compensate for perceived unresponsiveness. Experienced operators can
usually learn to adapt to substantial delays, but this comes at a cost of speed and ef-
ficiency. With large delays, operators are forced to break up a task into a set of small

motions separated by pauses. Task completion time increases linearly with latency



[4], and high latency makes it difficult or impossible to carry out more complicated
manipulation tasks. For these reasons, unmanned robotic satellite servicing has not
yet been accomplished, despite decades of research in the area [5, 6].

To address these problems, [7] introduced supervisory control. Instead of relying
on the reactions and motor skills of a human operator for real-time control, the remote
robot operates with relative autonomy at the lowest level and responds to higher-
level directives from the human “supervisor”. For robustness, the remote computer
should be able to deal safely with any contingency that may arise without human
intervention. This may mean that the remote computer only handles relatively short
movements. For efficiency and speed, however, the human operator should interfere
as infrequently as possible. For a given task and latency, a relative sweet spot exists
that balances the level of human control with autonomy. With a more robust and
independent autonomous subsystem, less human intervention is required and the task
can be completed more quickly.

Even in terrestrial applications with little to no transmission latency, supervisory
control can be useful. Immersive telepresence systems are expensive and complex, and
supervisory control greatly facilitates manipulation tasks that would otherwise require
complicated and precise commands. For example, researchers in the 2015 DARPA
robotics challenge found supervisory control to be essential for manipulation tasks.
For known manipulation tasks, such as turning a valve ([8]) and cutting through a
wall ([9]), it is more reliable and faster for an operator to initiate predefined skills
rather than direct fine motor movements.

In order to achieve robustness, the robot should be able to respond to its circum-
stances in real time. One of the most important events is contact. If the robot makes
contact with something in its environment and fails to adjust its motion in response,
it can very easily damage itself or its environment. One of the simplest methods by

which a robot can respond to contact is the “guarded move.” Under a guarded move,



a robot carries out a motion until contact forces exceed some threshold, at which
point motion is terminated. Many industrial robots have this kind of functionality
built into their controllers at a very low level, and will shut down if actuator currents
get too high. While the guarded move is very safe, on its own it does very little to
continue the task after contact.

A more effective approach is to dynamically adjust the motion in response to
forces. This is superficially similar to the way humans use tactility to accomplish
manipulation tasks ([10], [11], [12]). When robots do this, it generally falls under
the umbrella of compliant motion control. Admittance control is a form of compliant
motion control in which the robot is driven to behave with a defined mechanical ad-
mittance (the reciprocal of mechanical impedance). Admittance control in the current
context will be implemented as twist commands (a 6-DOF end-effector velocity) in
response to sensed wrenches (6-DOF force/torque measurements at the end effector).
The system considered has a restriction that underlying servo controls are frozen,
and the only option for achieving compliant behavior is to command joint velocities
(derived from desired end-effector twist) as some function of sensed wrenches. Ad-
mittance of the robot is thus a response of velocity (twist) due to imposition of a
wrench, consistent with the definition of a mechanical admittance.

Ideally, an admittance controller should maximize the motion response to an ap-
plied force while also maintaining stability. This is especially useful for human-robot
interaction because it allows the robot to be easily guided by applied forces [13]. The
controller can be designed to passively interact with the environment, which guar-
antees stability [14]. This is useful for space applications [15], since instability could
result in irrecoverable damage to equipment in orbit. Combining compliant motion
control with more discrete behaviors such as guarded moves can be more effective
than either method on its own.

Use of compliant-motion control and soft attractors offers opportunity for safe and



gentle interactions. Given such an underlying system, the next layer of abstraction
to consider is, how should the compliance parameters (stiffnesses and dampings) and
soft attractor trajectories be generated to perform useful tasks? To help address
this challenge, three parameterized “behaviors” are presented, and these behaviors
are shown to be effective in performing a wide variety of interaction tasks. These
behaviors can be invoked incrementally under supervisory control. Additionally, they
constitute effective building blocks for constructing state machines that achieve higher
levels of autonomy.

Behaviors have been employed for assembly tasks in the past to great effect.
Behaviors built on top of compliant motion controllers have been especially successful
([16]). In this research, a variety of compliant behaviors were distilled into a much

smaller yet still powerful set of behaviors.



2 Methods

2.1 Overview

The control architecture for our robot is comprised of several layers of increasing
abstraction. At the lowest layer, the robot joint velocities are controlled by a high-
speed servo loop. The joint velocities are specified by an admittance controller at
the next layer. The admittance controller receives force input from a sensor in series
with the robot’s tool flange and virtual forces computed from the virtual attractor.
The pose of this virtual attractor is controlled by various behavior primitives that
move the attractor in a manner defined by a handful of parameters. Once a force
threshold is crossed or a desired pose is achieved, the behavior terminates and returns
an exit condition. At the highest layer, a human operator or an automated state
machine selects behavior primitives and appropriate parameters. In the case of a
state machine, the subsequent state depends on the exit condition returned by the
behavior. Behavior primitives are executed sequentially until the task is completed.

This architecture is summarized in Fig. 1.

2.1.1 Admittance control and Virtual Attractor

The goal of the admittance controller is to “admit” environmental forces via its virtual
dynamics. In our implementation, this is achieved through the use of a “Virtual
Attractor.” The attractor consists of a desired pose together with a matrix of virtual
stiffness. The attractor is attached to the robot via “virtual springs” at the “port
of interaction,” which is most conveniently the frame of the force-torque sensor, as
illustrated in Fig. 2. Together, these are used to generate virtual forces that compete
with the forces measured by the force-torque sensor.

While there are many admittance-control implementation variations, the method



( Human Operator or State Machine J

Parameters

UONIPUOD 1X3

( Behavior Primitives (PTWL, RWE, Dither) J

Attractor Motion

Virtual Dynamics

RRMC
s
Q
c
QL
= 5
Low-Level Servo Controller =
T g
Robot Hardware
Figure 1: The layers of the control architecture.
Task Frame

Interaction Port

Figure 2: A 2D schematic of the virtual attractor.

as0d



used for the experiments reported below as follows. It is heavily related to the con-

troller described by [17] and passivity analysis described by [18].

0=Wpet = Wp +Wp g +Wp B (1)
Wit B = —Buesty (2)
0=wy +Ws x — Buestys (3)
Biestre = Wy + Wy ke (4)
tftdes = By Wyt + Wie x| (5)

In the above, wy, is the force/torque wrench exerted by the environment on the in-
teraction port of the robot. This is assumed to be identical to the force/torque that
is measured at this point. The terms Wy, x and Wy, p are virtual wrenches, computed
based on the assigned (desired) virtual stiffness and virtual damping at the interaction
port. The virtual wrench due to the virtual spring scales with the stretch between
the virtual attractor pose (defined per trajectories generated for specific tasks) and
the actual pose of the interaction port (computed in real time via forward kinemat-
ics). The virtual wrench due to damping scales with the twist (6-DoF velocity) of
the interaction port, ts, and this quantity is also computed in real time based on
the measured joint velocities and the robot’s Jacobian. The compliance controller (as
implemented) attempts to achieve the twist vector ty; 4o that is consistent with the
defined physical and virtual interaction wrenches. This is accomplished by continu-
ously recomputing t 45 and using a Resolved Rate Motion Controller (which uses
the Jacobian inverse) to convert this task-space velocity into joint motions that are
sent to the robots internal servo. This subsystem is illustrated schematically in Fig.
3.

This control scheme is useful when the robot is moving unobstructed through

space, and when it is performing tasks. In free-space, the robot will just follow the
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virtual attractor as quickly as By, allows. This eliminates the need for careful second-
order trajectory planning, as the damping will ensure that the robot never moves too
quickly. In contact, the robot will still try to follow the position commands, but it
will never allow the contact forces to get too high. When necessary, higher forces can

be easily achieved by simply moving the attractor farther in the desired direction.

2.2 Behaviors

Regardless of the specific compliant-motion controllers implementation, the intent is
to provide a foundation for performing interactive tasks in which contact wrenches
must be exerted, regulated and interpreted. To exploit an underlying compliant-
motion controller, a subsequent layer of abstraction may be defined, described here
as compliant “behaviors.”

Behaviors are actions that a robot can perform without operator intervention.
Simple behaviors can be made reliable and robust, and these behaviors can be invoked
directly, under supervisory control, or chained together in state machines to create
higher levels of autonomy.

Three specific behaviors were found to be remarkably capable and flexible. It will

be shown that these three behaviors can be exploited to perform a wide variety of



manipulation tasks while exhibiting remarkable robustness. These three behaviors
are optimized and generalized versions of those described by [19], and are capable of
performing the same functionality with fewer steps. This simplifies both teleoperation

and state-machine design.

2.2.1 Pose Target Wrench Limiting

PTWL is a simple scheme for generating attractor motion. PTWL is defined by a
handful of parameters: 1) a desired displacement of the attractor, 2) the duration of
the attractor move, 3) a force/torque threshold, 4) a pose tolerance, 5) the stiffness
matrix, 6) the damping matrix, and 7) a watchdog timer. Once PTWL begins, the
attractor is moved at a constant velocity toward the desired pose in the specified
amount of time. This will continue until the desired pose is reached within tolerance,
or the force/torque threshold is exceeded, or the watchdog timer runs out. Once
any of the exit conditions are met, the attractor is immediately frozen and remains
stationary until another command is given.

In general, all of these parameters are held constant for a given task, except for the
desired displacement. This allows the operator to focus on plotting desired motions
of the manipulator to complete the task. PTWL offers intuitive control over both
position and force. This allows it to be applied to a wide range of manipulation tasks

that involve fine control over forces and motions.

2.2.2 Reset Wrench Equilibrium

The behavior “RWE”, for “Reset Wrench Equilibrium”, moves the attractor to be co-
incident with the port of interaction. As a result, the virtual wrenches (both stiffness
and damping) are definitionally set to zero, and only the sensed (physical) wrench
contributes to the desired twist. The desired twist, via the compliance controller,

converges to zero as the contact wrench is driven to zero. This relieves contact forces
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without substantially changing the robot pose. RWE is useful between PTWL moves,
especially if the move terminated on a force/torque threshold. If PTWL were used
by an operator or state machine without RWE, it could get stuck every time a force
threshold were crossed. RWE allows the operator to easily relieve contact efforts

without substantially moving the robot end-effector.

2.2.3 Dither

Over the course of several experiments, some sequences of attractor movements tend
to appear multiple times in various contexts. These sequences offer enough utility
to warrant their own separate behavior. One example is “dithering”, in which the
attractor oscillates while simultaneously moving in a specified direction, usually in
order to free itself from a stuck position. Dithering was found to be especially useful
in the tight-tolerance sleeve-on-peg task, described below, where any misalignment
could cause the sleeve to become lodged in place. In order to dislodge, the sleeve
needs to be moved in a specific direction that depends on the exact way in which it is
lodged. RWE is often insufficient for this because it will only move the attractor until
forces are reduced, which does not necessarily solve the problem. Dithering, however,
wiggles the attractor in all directions until the correct one is found by trial and error.

Several dither modes were created to deal with various circumstances in which
they were found useful. These are divided into torsional and translational dither
modes. In torsional mode, the attractor rotates about a specified axis while keeping
its origin on the axis. In translational mode, the attractor orientation is fixed while
its origin is dragged in circles about the specified axis. These two modes are divided
further into push and pull modes, where the attractor is either moved forward or

backward along the specified axis.
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3 Tasks

One potential application of space robotics is to extend the life of existing satellites
by capturing and refueling them. This operation requires several distinct phases.
First, during the capture phase the robot must grapple the satellite. Grappling is
dominated by dynamic interactions, and also requires machine vision or some other
form of tracking [20]. Admittance control has been proposed and tested as an appro-
priate control scheme for robotic satellite capture [21]. Capture with our admittance
controller is explored in its own section .

After the satellite is captured, it must be berthed. This involves manipulating the
satellite into position such that it can be held in place by fixed posts on the servicing
vehicle. Once successfully berthed, the servicing phase can begin. This may involve
several servicing tasks, such as cutting, refueling, and tool exchange.

For each of these tasks, a terrestrial analog was created in the lab environment
to roughly simulate the geometry and forces involved. This is an effective testing
method, despite the inherent differences between the laboratory and space environ-
ments and is in many ways superior to purely virtual simulation ([22]). The tasks
were carried out with the terrestrial analog to determine appropriate parameters and
control strategies.

Other space robotics applications involve a variety of as-of-yet unforeseen opera-
tions. It is anticipated that PTWL and the compliant behaviors developed here are
sufficiently versatile to address almost any quasi-static manipulation task. To demon-
strate this, several tasks that may be useful for servicing, assembly or manufacturing

were tested.
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3.1 Berthing

As discussed above, berthing involves manipulating the satellite into a specific position
so that it can be held in place for servicing. For terrestrial experiments, the 6-degree-
of-freedom satellite is modeled using 3-DoF planar air bearings. The bearings are fixed
to an elongated sled and weights are distributed such that the moment of inertia is
large and the center of gravity is significantly offset from the port of interaction, as
would likely be the case for a robot externally gripping a large satellite bus. In the 3-
DoF emulation, the payload is to be manipulated to align with two posts. The robot
grips a handle on the payload using a pneumatic three-jaw chuck, which completely
constrains payload. These components are labeled in Fig. 4. Additionally, the virtual
stiffnesses are set to near zero in all degrees of freedom constrained by the plane (z,
¢, and ¢,). This mitigates issues that could arise from slight misalignment of the
robot base from the payload (emulated satellite) plane, such as lifting or tilting.
Experimentally, the robot was controlled under incremental supervisory com-
mands to achieve berthing, thus demonstrating that berthing is completely achievable
through the previously developed compliant behaviors, PTWL and RWE. This pro-
cess is illustrated in Fig. 5 (The red-green axes represent the virtual attractor’s
location). With the satellite roughly aligned with the berthing posts (1), the vir-
tual attractor was moved toward and past the posts until the satellite contacted and
pressed against both (2). Since the original alignment was imperfect, this step usu-
ally left the satellite canted, with one clamp touching one post and the other post
just touching the satellite’s body (2). Looking at the camera view, one could see
which post was in contact, and in which direction to move the satellite to correct
the alignment. To make this correction, RWE was first exerted to eliminate contact
forces. Subsequently, the attractor was displaced to induce sliding sideways in the

appropriate direction while still maintaining forward pressure (3). Finally, once the

13



Triangle
handle”

=1

Figure 4: An overhead photo of the experimental setup for berthing.

14



second post made contact with the second clamp, the attractor was displaced forward
(in the positive y direction), drawing the satellite into its berthing pose, satisfying
multiple physical constraints.

After the task was proven possible under supervisory control, a state machine was
designed to carry out the task autonomously. The process used by the state machine
is very similar to that used by the human operator, but modified slightly for a sole
reliance on force feedback with no supplementation by visual cues. Specifically, the
system needs to determine whether the payload is aligned with the posts and, if not,
in which direction it needs to move to correct the alignment.

This determination can be made using torque measurements at step 1.5 in Fig. 5.
If the satellite is misaligned when first contact occurs, then the robot will measure a
substantial torque. If this torque is positive, then it needs to move in the positive-x
direction to correct the alignment. Conversely, if the torque is negative (as in the
figure), then the payload will need to move in the negative-x direction (to the right
in the figure).

After measuring this torque, the robot can continue to press forward until both
posts are pressed against the satellite (Step 2). Next, the robot slides the satellite
in the direction that was determined by the torque measurement in step 1.5. At
the same time, it continues to apply forward pressure, as well as a slight torque in
order to maintain contact with both posts. Once the ring contacts the second post
(Step 3), the satellite is horizontally aligned and the berthing can be completed by
simply pressing forward. Fig. 6 is a flowchart summarizing this algorithm. In the
flowchart, 7, is the torque about the z axis, F} is the force along the x axis, Fipesn
is the contact force threshold parameter, (15N for these experiments) and Typpesn 1S
the contact torque threshold. PT'W L(z,y, z, ¢z, ¢y, ¢-) displaces the virtual attractor
from the port of interaction by the specified dimensions. RWE moves the attractor

back onto the port of interaction to eliminate contact forces. This state machine
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Figure 5: A step-by-step illustration of the berthing procedure.
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Figure 6: A flowchart of the berthing state machine.

was able to successfully and consistently berth the satellite even in the presence of
significant perturbations.

A video of an operator manually berthing the satellite using compliant behaviors
can be seen at [23] and a video of the same task conducted by a state machine
constructed using compliant behaviors can be seen at [24].

To test the robustness of the berthing state machine, it was run repeatedly under
initial conditions that varied by a 3cm maximum. This number is reasonable because
it comfortably encompasses a human operator’s ability to “eyeball” the alignment
before executing the state machine. The state machine was executed ten times in an
automated loop. It was also automatically unberthed each time by a simple PTWL

command. It would have been better to run this for more loops, perhaps 100 times
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Figure 7: A plot of the attractor position and orientation during three automated
berthing operations.

as [25] did with the tool stowage and retrieval state machine, but unfortunately this
test was limited here by the air supply for the bearings. Fig. 7 shows the attractor
pose over three loops. Fig. 8 shows the planar wrench for the same three tests.

In these plots, the distinct phases of the operation are clearly visible in the attrac-
tor motion profiles. Also notice that for each trial, the relative motion of the attractor
is identical at the beginning, but diverges depending on the measured contact forces

as the state machine adapts to the measurents.

3.2 Plug insertion

This task involved inserting a plug into a standard US electrical outlet under su-
pervisory control. This example is representative of a common need for performing
connections, and it also is conveniently familiar as a manual operation in terms of
alignments and efforts required. It is also relatively easy for a robot under position
control if the exact location of the outlet is known. Without this information, how-
ever, it is very easy for the robot to miss the outlet and generate large contact forces.

These contact forces can be substantially reduced using supervisory control with un-

18
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Figure 8: A plot of the measured forces and torque during three automated berthing
trials.

derlying compliant-motion control. First, the operator roughly aligns the plug with
the outlet, and moves toward the surface. Once contact has been made, the operator
can clearly see the direction of the offset toward the hole. The plug is moved in
roughly this direction while maintaining downward force until the hole is reached, at
which point the plug can be inserted.

It was found that the behaviors presented here were sufficient to perform this
task under supervisory control using soft attractors. First, the attractor is placed
somewhere below the outlet surface until contact is detected. Next the attractor is
moved to only slightly below the surface (to maintain moderate contact force) and
translated in the direction of the outlet until the force in the y-direction crosses the
contact threshold. Then the attractor can be placed deeply into the socket, tugging
the plug into engagement.

Fig. 9 illustrates the steps for plug insertion. The upper axes represent the port
of interaction and lower axes are the attractor pose. This process is forgiving of both
spatial inaccuracies and temporal imprecision, since the different phases of the task
are separated by discrete contact events. Fig. 10 shows a screen capture taken during

the plug insertion process.
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Figure 9: The steps involved in plug insertion
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Figure 10: A screenshot taken during the plug insertion process.
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3.3 Opening and closing a latched door

For this task, a small door analog was fabricated, consisting of a hinge, frame, door,
and latch. To open the door, the robot must grab the door handle, turn the handle to
unlatch the door, then translate and rotate through an arc centered around the door
hinge axis. Closing the door is similar, but in reverse. This task is representative of
kinematically-constrained manipulation tasks.

Just like the plug, this task is possible under strict position control, as long as
the geometry of the hinge and latch are known precisely. This task would addi-
tionally require the generation of precise nonlinear trajectories, specifically gripper
motion about a precise 6-DoF circular arc in space. Any inaccuracies would cause
the forces/torques of interaction to become excessive. Under compliance, the task is
dramatically simplified and intuitive. The robot operator must only know the ap-
proximate orientation of the door handle and the door hinge. The handle can be
turned by imposing a rotational displacement of the soft attractor. Subsequently, the
door can be opened by setting all virtual translational stiffnesses to near zero, then
imposing an attractor rotation roughly parallel to the door hinge.

Fig. 11 illustrates this strategy. The left axes in each step are the attractor and
the one on the robot is the port of interaction. Since translational stiffness was nearly
zero, the robot accommodated with whatever translation was necessary to minimize
the interaction efforts. Consequently, the robot conformed to the hinge’s kinematic
constraint while opening the door.

A snapshot of the robot performing the door task is shown in Fig. 12.

A video of this operation can be seen at [26].
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Figure 11: Attractor placement for door opening
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3.4 Wide, shallow lid installation

This task involved fitting a wide disk into a hole, emulated by placing a lid on a
saucepan. Though similar in principle to the sleeve-on-peg task, it is fundamentally
different. In the sleeve-on-peg task, the biggest challenge is achieving the correct
vertical orientation to prevent jams. In the saucepan task, the horizontal position is
more important.

In Fig. 13, the outer radius of the smaller lid r; and the inner radius of the larger
saucepan lip 7o are exaggerated to show the results of slight misalignment. In this
experiment, the lid should fit inside of the lip on the saucepan. The outer radius of
the lid is 7; and the inner radius of the saucepan lip is 9. If the offset d between the
center of the lid and saucepan is less than ro-r1, then the lid can be inserted straight
down without any adjustments. Otherwise, the lid will contact the lip at two points
when it is pressed downward. If d is less than d,,., = \/m , then a torque
will be generated about the axis going through both points, causing the lid to tilt
toward the center. This tilt can be measured and used to calculate the direction of

the offset. If d is greater than d,,.., then no torque would be generated—only vertical
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Figure 12: A screenshot taken during the door manipulation
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Figure 13: Exaggerated geometry of the saucepan and lid.

contact forces, since the center of the lid would be on the outside of the axis through
the contact points, and would be pressed flat against the lip of the pan.

A state machine was created to place the lid on the pan after it was aligned within
dmae- First, the attractor was moved down past the lip of the pan, causing the lid to
contact the lip and tilt slightly. The attractor was then tilted and slid in the direction
of the center of the pan until horizontal contact was detected with the opposing lip.
After this contact, the attractor was reset to horizontal and pressed downward until
the lid was horizontal and firmly in place. Fig. 14 illustrates the steps in the lid
installation process. Again, the simple behaviors presented herein were sufficient to
perform this task robustly, whether under supervisory control or autonomously via a
state machine.

A video of this operation can be seen at [27]
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Figure 14: The steps for saucepan state lid placement.

3.5 Socket wrench insertion

The final task presented here used a consumer socket wrench tool-change system
consisting of a shank and socket. The shank consists of a square-keyed shaft with
a spring-loaded ball detent, and the socket is a mating square hole. Without the
detent, the task is equivalent to a square-peg in square-hole insertion task. When
inserting a peg into a hole with tight tolerances, a slight misalignment can generate
contact forces that tend to amplify the original misalignment until the peg is jammed.
In [25], it was demonstrated that a sleeve-on-peg task could be performed without
any remote center of compliance by applying dithers (small horizontal perturbations)
whenever a jam occurs in order to relieve friction.

Even under perfect alignment, when the shank is inserted, the ball will contact
the edge of the socket. The vertical contact force dominates this interaction. Since
it is offset from the axis of the applied force, a moment is induced, tilting the whole
shank (clockwise in the figure) until it is jammed. Since the location of the detent on
the shank is known beforehand, this jamming is predictable and can be counteracted
in the same way every time, making indiscriminate dithering unnecessary.

By tilting the shank (counterclockwise in the figure), the ball detent can be de-

pressed. Once it is depressed, the only vertical force resisting insertion comes from

25



' (Xrelaxed’
zZ_ +7)

center

Figure 15: The initial contact forces during socket shank insertion

4(‘\_.(

b T

Figure 16: An illustration of the steps involved in shank insertion.
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friction, and downward insertion becomes trivial.
Again, it was found that this operation could be performed using only the simple

behaviors presented herein. A video of this operation can be seen at [28]
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4 Capture

To service a satellite in orbit, a servicing vehicle will first need to capture it. This
involves first approaching the satellite and matching its velocity as closely as possible.
Next, the robotic arm will intercept the satellite and grasp it. If the velocities and
inertia of the satellite are known precisely, then the slowdown maneuver can be done
with careful motion planning to keep forces below acceptable thresholds. A major
concern is that upon contact, the satellite will bounce away.

Compliant berthing and docking are not new ideas in this industry. The NASA
Docking System used for the International Space Station has a “Soft Capture Sys-
tem” which utilizes both mechanical compliance and active control to ensure reliable
docking [29]. The dynamics of robotic satellite capture have been extensively studied
[30] and several authors have used compliant impedance/admittance control scheme
[21].

Regardless of whether compliance is used after contact with the satellite, the
interception of the satellite would be performed with trajectory control to ensure that
the robot matches the satellite velocity as precisely as possible. It is then desired to
transition “bumplessly” into compliance.

In a bumpless transition, there are no immediate changes in velocity when com-
pliance mode is activated. The control law in Eqn. 5 can be rearranged to solve for

the attractor position necessary to maintain force.

taSkoattr :task Oft + (Bdestft,des - be) (6)

This essentially means placing the virtual attractor some distance ahead of the
interaction port in its path so that it can counteract the virtual damping forces.

It might also be desirable to remove the wy; (measured wrench) term to allow the
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Figure 17: Hybrid capture with velocity control until contact and compliance there-
after. Yellow is the satellite position, and blue is the robot end-effector.

controller to react immediately to contact forces.
Alternatively, a new control law could apply Bg.s to the relative velocity of the
robot with respect to the attractor, rather than the absolute velocity of the robot

with respect to the earth.

trrdes = Bagw (“Wr + W) + tyranr (7)

With this law, to transition bumplessly into compliance, the attractor needs only
to be placed exactly on the port of interaction with the same velocity. Since our
controller implementation was already velocity-based, this modification showed up as
a velocity feed-forward term, as seen in Fig. 18.

To implement this, modified version of the accommodation controller code was
created that accepts as control parameters the attractor pose, twist, as well as a third

enumerated variable that specifies which control law to use.
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Figure 18: A schematic diagram of the modified accommodation controller.

4.1 Simulation

For validation, the controller was tested in a variety of purely virtual and hardware-in-
the-loop simulations. First, in a purely virtual, one-dimensional simulation, various
controller schemes were tested under various conditions to see which produced the
most desirable results. The primary evaluation criteria was the contact time, defined
as the total time period during which the satellite is in contact with the robot manip-
ulator. Maximizing this time ensures that the robot’s gripper will have enough time
to close and grasp the satellite. Also of interest are the maximum contact forces,
defined as the peak measured force during capture. This should be minimized to

avoid stressing the hardware and to reduce the propensity to bounce.

4.1.1 Fixed Vehicle

The first set of simulations considered the servicing vehicle as fixed to an inertial
frame. This is a simplifying assumption and is still accurate when the vehicle is
sufficiently more massive than the satellite being captured. The robot was represented
as a 1-dimensional actuator with a low-level servo loop and with a virtual force
sensor that reports the contact forces exerted between the robot end-effector and the

satellite. The satellite itself was represented as a mass in 1-dimensional motion, with
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Figure 19: A schematic representation of the physical model used for initial simula-
tion.

no rotational-inertial properties. Contact forces were generated using a reductive,
purely linear-elastic model. Under this model, contact force is proportional to the
displacement between the satellite and the and the robot when they overlap, and zero
when the satellite is to the right of the robot. The simulation was carried out using
Euler’s method.

Under these simplifications, the entire state of the system can be represented as

using 4 state variables and one input. Let the state be represented as

xe(t

(L

8

(
x(t
(

X =
i, (t

;
| (8)
)
).

Then the state evolution follows

(1) i(t)
. T, (T T (t
_d'?r(t)_ _W_
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The servo force was computed using a PD servo controller, that takes as input

the desired robot pose and twist, which, in this case, is just a position and velocity.

Fse'mo - KP(xdes - $'r’obot> + KD(j:des - j:robot) (10)

The constants Kp and Kp were selected such that the servo system was critically
damped with a natural frequency of 1Hz.
The contact force was defined piecewise based on the relative positions of the

robot and the satellite.

0 if Trobot < Tsatellite
Fcontact - (11>

ksatellite (:Esatellite - xrobot) if Lrobot 2 Lsatellite

Under these definitions, the entire system is piecewise-linear, and can be repre-

sented using two distinct linear systems.

. AfX + BU if Trobot < Tsatellite
X = (12)

ACX + BU i Lrobot 2 Lsatellite

In this representation, the state matrix, A, is the only thing that changes between

the free (Ay) and contact (A.) case.

0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1
A= A= (13)
0 0 0 0 —ksatellite ksateliite 0 0
Msatellite Msatellite
0 Kp 0 Kp ksatetite  Kp—Ksateitite () Kp
L Mrobot Mrobot L  Mrobot Myrobot Myrobot |

The input matrix, B is constant. The input vector, U is just the servo input

velocity and position.
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0 0
Tdes 0 0
U= B= , (14)
Vdes 0 0
Kp Kp
L Mrobot Myrobot

At the start of the simulation, the satellite is coming toward the robot from the
right at a constant velocity.

Three control schemes were used for simulated capture. The first was direct motion
control. In this method, the force sensor was disregarded entirely and the “attractor”
motion was sent directly to the motion controller. A motion planner takes the initial
position and velocity of the satellite and computes a trajectory for the robot such
that their velocities match upon contact. The satellite’s initial velocity is vy and
the robot starts at x,o = 0. For optimal workspace usage, z,o should also be at the
workspace limit closest to the satellite’s initial position. To eliminate contact forces,
the robot should be moving at the same velocity as the satellite when they come into

contact. This condition can be rewritten as:

Ty (tc) = T (tc>

v (te) = vs(te)

(15)

Where ¢, is the time at which contact occurs. If a maximum acceleration is
assigned to the empty-handed robot a, then the optimal trajectory is triangular,
given by:

t
v.(t) = |, a,dt = a,t
®)=Jo <t (16)

x.(t) = f(f a,d*t = a,t?

The constants of integration are all zero by definition. The contact time can be
derived using Eqn. 15.
te = — (17)



The initial position of the satellite can be found using Eqn. 15:

2
USO

2a,

Tsp = —

(18)

While the position of the satellite cannot be controlled, the start time ¢ = 0 can

be defined such that zy, = x4(0).

After contact, the robot follows a triangular stopping trajectory to maintain the

contact force.

V(1) = —a.(t —t.) + vg
(t) (t —tc) + vso s 19)
zr(t) = 3a,(t — te)® + veo(t — te) + 2

This is similar to the approach trajectory, but with a smaller acceleration, a,.

This acceleration can be determined by the desired stopping force given by

as = Fg/mg (20)

Where my is the mass of the satellite.

With a perfect control system and perfect knowledge of the satellite’s inertia and
motion, direct trajectory control would work perfectly like in Fig. 17 and the satellite
would never bounce. In reality, however, even slight uncertainties in position or
velocity can make drastic differences in contact forces. Fig. 20 shows the result of a
simulation where strict trajectory control was used.

In the position plot, the satellite and robot appear to coincide for the most part.
This is expected since the trajectory is being controlled here. The force plot, however,
is more revealing. It shows two distinct contact periods; the satellite makes initial
contact and bounces twice before being ejected forever.

In the second simulation, strict trajectory control was used only while the robot

was moving unimpeded through free space. Upon making contact, the robot switched
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Figure 20: Simulated 1-D capture under strict trajectory control.

bumplessly into compliant control. After the transition, the attractor followed the
same triangular stopping trajectory from the previous simulation. A well-designed
accommodation controller should be able do a better job of regulating the contact
forces than the robot’s base servo loop.

One of the limiting factors for admittance controller performance is the update
rate of the force sensor, or more directly the latency. This is especially important for
capture because if the accommodation controller cannot react to the contact event
before the satellite bounces away, then it does not serve any purpose. In order ac-
curately simulate the control law, the accommodation controller’s control law was
implemented in an inner loop that only updated at 100Hz. This inner loop also
contains the Boolean condition that detects when contact occurs.

Under this control scheme, the robot immediately performed capture much better
than it did under strict trajectory control, as expected. With the same initial con-
ditions as the previous simulation, the satellite did not even bounce once. It made

initial contact, but after some oscillations the force eventually settled to Fi.
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Figure 22: Simulated 1-D capture with a bumpless transition into compliance.
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Figure 23: The simulated system with a free-floating robot base.

4.1.2 Free vehicle

The next step in producing higher-fidelity simulations was to add a free-floating
robot base, since the actual servicing vehicle would itself be a free-floating mass.
A schematic representation of this system is displayed in Fig. 23

This new configuration resulted the addition of two more state variables to the

system, x, and x, for the vehicle’s position and velocity, respectively.

T,(t

8

(t)
+(t)
=) (21)
)
(t)
(t)

8

(L

8

(L

Ty(t

The only change in the state equation is that now the servo force acts equally and
oppositely on the robot and the vehicle. Also, the reference for the servo loop is no
longer the absolute position of the robot arm, but rather the relative position of the
robot with respect to the vehicle, as shown in Eqn. 22. This affects the state matrices

and the input matrix. The new state matrices are given in Eqn. 23. Note that these
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new A matrices are now 5x5 and include terms for the motion of the vehicle. These

new matrices are still applied according to 12.

Fservo - KP<xdes — Zrobot + xvehicle) + KD(j:des - jzrobot + i'vehicle) (22)
r . 0 0 0O 1 0 0
0 O 0O 1 0 0
0 0 0 0 1 0
0 O 0 0 1 0
0 0 0O 0 O 1
0 0 0O 0 O 1
Af = A= |k L 0 0 0 0
0 O 0O 0 O 0 ’ :
ﬁ Kp—ks —Kp O Kp —Kp
0 Kp —Kp 0 Kp —Kp my my my my my
my my my my 0 —Kp Kp 0 —Kp Kp
0 —Kp Kp O —Kp Kp mey Moy Moy Moy
(23)

As mentioned before, the mass of the vehicle is generally larger than that of the
satellite. For the “fixed vehicle” simulations to be accurate, the vehicle must also be
much much heavier than the robot arm, especially when it is under strict trajectory
control. This is because the servo force is pushing on both the robot and the vehicle.
If the robot’s mass is even barely noticeable compared to the vehicle mass, then
it will perturb the position of the vehicle before contact occurs. This will cause a
misalignment between the predetermined trajectory and the actual trajectory of the
satellite. As was shown in the previous simulations, even the slightest misalignment
can drastically increase contact forces and the likelihood of bouncing.

In the following simulation, all the parameters and initial conditions were retained
from the previous simulation with a bumpless transition into compliance. The only
difference was the addition of the mobile robot base.

Despite the use of compliance, the initial velocity error at contact was too great
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Figure 24: Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base

to virtually accommodate. There was an initial bounce, where contact forces reached
thirty Newtons; much greater than even the contact forces measured in Fig. 20. De-
spite the initial bounce, the robot eventually recaptured the satellite, and successfully
sustained contact for around twelve seconds before it reached its workspace limits.
Unfortunately, even with virtual compliance, it was impossible to eliminate large
contact forces that result from a substantial velocity mismatch at contact. Part of
the reason is that the internal compliant control loop could not react within the
time frame in which the initial contact event occurred. Even with an ideal, zero-
latency natural admittance controller, it would be impossible to passively achieve the

necessary behavior, because the inertia of the robot itself would get in the way.

4.1.3 Deliberate distance overestimation

Any control decision to reduce contact forces must be executed before the contact

event occurs. On the surface, it seems that the interception trajectory was already op-
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timally generated to eliminate contact forces. This trajectory was generated without
any consideration for uncertainty.

In the model, the measurement uncertainty is symmetric; the velocity and posi-
tion are just as likely to be underestimated as overestimated and the trajectory is
planned based on the expected value. The effect of the measurement error, however,
is asymmetric. If the initial distance to the satellite is underestimated then the robot
will intercept it early, while it is still speeding up to match the satellite’s velocity.
This will cause the satellite to bounce off prematurely, and possibly never come into
contact with the satellite a second time.

If the initial distance is underestimated, however, the satellite will come into con-
tact while the robot is already executing the stopping trajectory. Once contact occurs,
the robot will already be slowing down, and the actuators will dissipate the satellite’s
kinetic energy. This outcome is clearly more desirable than the underestimation case.
So, deliberately starting the capture maneuver late should increase the likelihood of
this outcome. The results of such a maneuver are illustrated in Fig. 25.

Due to the deliberate velocity mismatch, the contact forces were actually higher
in this example than they were in the previous bumpless attempt. Despite this, the
contact force was much more homogeneous, consisting of a single continuous contact
and no bounces.

Several other “tricks” were tested for viability in capture operations with varying
degrees of effectiveness, though none were better than the “distance overestimation”
technique discussed above. Nonetheless, in the spirit of reporting negative results,

here are the results of the other methods tried.

4.1.4 Teleporting Attractor

The first strategy to maintain contact was to immediately teleport the attractor inside

of the satellite upon contact. The nominal trajectory was maintained until contact
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Figure 25: Simulated 1-D capture with a bumpless transition into compliance but with
a free robot base, where the distance to the robot is deliberately underestimated.
occurs, and after contact the position of the attractor was the nominal position plus

an offset, as shown in Eqn. 24.

1
2. (t) = §ar(t —te)? +vso(t — L) + Te + Topfest and t > . (24)

A sudden position change like this causes a singularity in the trajectory. To
address this, the singularity in the velocity profile was ignored, leaving it identical to
velocity of the nominal trajectory. Immediately upon contact, the displaced attractor
should result in a net virtual pushing into the satellite. The idea behind this strategy
is that the virtual force will help the robot to follow the satellite as it bounces away.
Fig. 26 shows the results of using this method with the same initial conditions as the
previous simulation.

This strategy had a negative effect on the capture behavior overall. The peak
contact forces increased dramatically, and the satellite bounced away after only a few

seconds, never to make contact again.
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Figure 26: Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base, where the attractor was teleported forward upon contact.

This may be due to the fact that once the attractor was only initially inside of the
satellite, so the imparted force depleted rapidly as the robot returned to the attractor.
Once the attractor and robot once again coincided, the virtual force was zero and the
robot was no longer pushing into the satellite. Also, the nominal, triangular trajectory
was designed to impart a constant stopping force on the satellite. If that force is not

going to be constant then this trajectory is useless, if not counterproductive.

4.1.5 Positive Feedback Attractor

One possibility is to use the robot’s position itself as a reference, instead of the pre-
planned trajectory. The attractor motion can be defined as always a fixed displace-
ment from the robot. In principle, this should be equivalent to direct force control;
the force can be precisely controlled by varying the distance between the attractor

and the robot.
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Figure 27: Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base. The attractor motion is equal to the robot motion plus a

constant displacement.

k d k

—_ — Lattr _'_'ar:_ of fse 25
m(x $tt)+m($ Lattr) m(f”ff t) (25)

In reality, however, there are several problems with this approach. The first is

that the robot’s motion already depends on the attractor motion, so making the

attractor motion depend on the robot motion results in another, higher-level control

loop. Moreover, this loop exists in positive feedback with itself.

In the simulation shown in Fig. 27, the triangular trajectory was completely

discarded upon contact, and the attractor was assigned the velocity and motion of

the actual robot plus a fixed displacement. As anticipated, it was unstable and blew

up almost immediately due to a positive feedback relationship between the nested

laws governing the robot and the attractor.

Part of the reason for the blowup was the coupling between the force control and

the physical dynamics. For example, when the satellite bounced after initial contact
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Figure 28: Simulated 1-D capture with a bumpless transition into compliance but
with a free robot base. The attractor position is equal to the robot motion plus a

constant displacement and the attractor (feedforward) velocity was taken from the
planned trajectory.

was made, the robot rapidly accelerated because it was no longer pushing on the
massive satellite. Eventually, it caught up to the satellite and made contact again,
but this time the velocity difference upon contact was even greater, leading to an
even bigger bounce than the previous one. This trend continued indefinitely in the
simulation. A real robot, however, would reach the end of its workspace and the

satellite would irretrievably bounce away.

4.1.6 Fixed Displacement Attractor

One way to mediate the runaway bouncing effect is to reintroduce damping. In
the previous simulation, the damping was effectively negated by the coupling of the
attractor velocity to the robot velocity. One option is to return to the original velocity
profile from the preplanned stopping trajectory.

Here the triangular velocity profile was kept, but the attractor position was set
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to the robot position plus a fixed displacement, in an attempt to maintain constant
force. This differs from the previous experiment in that the velocity feedforward was
completely decoupled from the actual velocity of the attractor. It was also much more

stable than the previous simulation.

4.2 Hardware Experiments

The natural next step was to validate the simulations with physical experiments. The
biggest challenge in designing a hardware experiment was to create an analog for the

satellite that had substantial inertia but minimal friction.

4.2.1 Wheelie Satellite

One of the most common ways to reduce friction is to use wheels. For initial ex-
periments a small, four-wheeled cart was built using “scooter” wheels. The wheels
themselves used ball bearings to minimize friction at the interface between the wheels
and the cart. The cart was built without any kind of steering mechanism, so its motion
was one-dimensional and linear, as it was in the previously conducted simulations.

As an initial experiment, the cart was set at rest on a flat table surface with a
501b weight resting on it. The robot started at a fixed distance from the cart, and was
controlled to crash into it with a velocity difference of a few centimeters per second
at contact. This experiment was done under two different control schemes. The first
was pure trajectory control, with no compliance whatsoever. A snapshot from this
procedure is shown in Fig. 29 below:

In this experiment, the velocity difference at contact was 2.4 centimeters per
second, and the peak contact force was 12 Newtons. Based on the force plot, the
satellite appears to “bounce” twice before stable contact was achieved. The fidelity
of this interpretation is discussed later.

In the second experiment, the robot trajectory was controlled directly until contact
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Figure 29: The top left quadrant is a view

from the robot’s onboard POV camera,

while the bottom left quadrant is a view from an external camera. The top right
shows a plot of the robot’s position as a function of time, where the cyan curve is the
relevant axis. The lower plot shows the measured forces as a function of time (The

magenta curve is the relevant axis).
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Figure 30: The top left quadrant is a view from the robot’s onboard POV camera,
while the bottom left quadrant is a view from an external camera. The top right
shows a plot of the robot’s position as a function of time, where the cyan curve is the
relevant axis. The lower plot shows the measured forces as a function of time (The
magenta curve is the relevant axis).

was made, and after contact, the control was bumplessly switched into compliance.

In this trial, the velocity difference at contact was 2.3 centimeters per second
and the peak force measured was 11 Newtons. Once again, the force plot shows two
distinct peaks before a steady decline. While the contact force was slightly less in the
bumpless trial, it was not a significant enough difference to indicate a clear advantage
to this control scheme, especially when paired with the slight difference in contact
velocity.

While the plots look similar to those from the simulation, the video [31] reveals

that the cart was not behaving like a pure inertia, but exhibited jerky, nonuniform
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motion even when it was out of contact with the robot. This was mostly due to
the nonuniformity of the scooter wheels used. The wheels were designed for use on
concrete and asphalt pavement, so perfect uniformity likely was not a design consid-
eration. Moreover, the rubber used to make the wheels, while excellent for traction,
deforms significantly under large loads, resulting in undesirable rolling resistance.
These issues could have been mitigated by using more rigid wheels and flat rails
instead of a table surface. Unfortunately, rolling resistance is generally proportional
to the normal load. This means that any wheeled system will have a tradeoff between

inertia and mobility.

4.3 Air bearings

One way to remove the weight dependence of friction is to place a lubricant between
all sliding interfaces. Lubricant friction depends on speed, separation, and viscosity.
The interface separation itself can depend on speed and viscosity, and the speed is
determined by how fast the satellite needs to move in the tests. Therefore the viscosity
is the only real design choice for lubrication.

Air itself is one of the least viscous lubricants available. Air bearings are used
commonly for terrestrial satellite testing, including docking [32] and reaction control
systems [33]. Unfortunately, commercial air bearing systems are prohibitively expen-
sive, even for low load models.As it turns out, however, air bearings are surprisingly
easy to construct using relatively cheap materials and processes. Three air bearings
were constructed as part of asenior engineering design project with Arlo Petitjean

and Tyler Young. The design was inspired by the DiY designs found in [34, 35].

4.3.1 Construction

The air bearings consisted of a 3D-printed plastic shell attached to a graphite puck

in a configuration shown in Fig. 31.
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Figure 31: A cross sectional diagram of the air bearing.

The purpose of the 3D printed shell was to apply air pressure to the top of the
graphite puck. It consisted of a hollow cylinder with an air inlet on one side. The inlet
was tapped to hold a pneumatic push-to-connect fitting and had a pipe that led to the
hollowed out portion. The interior face of the shell was covered with evenly spaced
offsets. These offsets helped to keep the graphite puck in place. On the interior rim
of the puck were several grooves. The grooves’ function was to provide a stronger
interface between the shell and the epoxy that held the puck in place. The top of the
shell had a pyramidal indent designed to interface with a ball “joint.” This allowed
the bearing to tilt freely to maintain alignment with the gliding surface.

The puck itself was just a stout cylinder of graphite. It was openly porous, but
not isotropically so. This was evident in a bubble test, where the completed bearing
is placed under water and pressurized. Bubbles form on the surface of the puck, and
their size indicates the local porosity [36]. Isotropic graphite is more desirable and
is commercially available (used for EDM forms) but it is significantly more expen-

sive.The anisotropic graphite proved sufficient for our bearing to support the necessary
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loads. The graphite was held in place and sealed to the shell using epoxy.

Once constructed, the air bearings could be pressurized. Air from the inlet is
funneled over the surface of the graphite. The air works its way through the porous
material until it reaches the other side. There it forms a thin pressurized film between
the puck and the flat surface it rests on, yielding an almost frictionless interface. Three
identical air bearings were placed at the corners of a triangular sled using makeshift

ball joints.

4.3.2 Tracking

In order to perform capture experiments, it was necessary to track the position of
the satellite. Instead of using an expensive and complicated motion tracking system,
a single-camera, visual-inertial tracking system was designed. An overhead webcam
was used to track the position of an ArUco [37] marker on the sled. The webcam had
a fairly low framerate and shutter speed, so its tracking data, while highly accurate,
was intermittent and unreliable.

An inertial measurement unit and microcontroller were placed immediately below
the fiducial. The IMU reported the acceleration and angular velocity of the sled
to the microcontroller, which sent the telemetry to a host computer over USB. The
host computer used an Extended Kalman Filter to fuse the low-frequency, zero-drift
camera data with the high-frequency, high-drift IMU data.

In the EKF, the state variable x consists of the two-dimensional position x and
y, one-dimensional orientation ¢ of the sled on the plane, and its 2D translational
velocity, v, and v,. To initialize the filter, an initial state estimation was created by
averaging several pose measurements from the camera tracking system while the sled
was at rest. Also with sled at rest, several seconds of IMU readings were averaged to
generate a baseline zero for the sensor.

Since the sled itself was unpowered, the motion model consists only of the inertial
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measurements , a,, a,, w,. The motion model is defined by the nonlinear map in

Eqn. 26.

.f(um un) = flpy1 (26)

This mapping is enumerated in Eqn. 28-Eqn. 32.

Tyt = T + Vg ndt + 0.5dt%[a, cos(d,) — a, sin(e,)] (27)
Gni1 = Yn + Uy pdt + 0.5dt*[a, sin(¢,) + a,cos(d,)] (28)
O = o+ wedt (29)
ni1 = mod (¢4 +m,2m) — 7 (30)
Dast = o+ [0 COS(6) — 1y sin(, )]t (31)
Byt = Uy + [ S0 (6) + 1, cOS() (32)

The uncertainty in the IMU data was taken to be a constant 3x3 covariance
matrix M. M is a diagonal matrix, and the first two diagonal entries are the linear
acceleration variance, and the third entry is the variance in angular velocity. At every
timestep, the uncertainty in the state estimate is updated from X to )3 according to
Eqn. 33

3.1 =G,%,G +V,MV/ (33)

where G and V are Jacobian matrices of f; consisting of the partial derivatives of 1
with respect to pu and w,,, respectively. These derivatives were computed analytically
but are not enumerated here.

The measurement z consists of the ArUco pose measurements, x, y, and ¢. The
measurement update is completely linear, so this part of our EKF is almost identical

to a vanilla Kalman filter’s measurement update, given by Eqn. 34.
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Bnt1 = Py + Kp1(z — Clipng) (34)

o1 = (I; — Kp1C) X0 (35)

Where C is a 3x5 selection matrix defined with a 3x3 identity matrix in the first
three columns and zero elsewhere. The purpose of this selection matrix is to apply the
motion update to only the pose variables and not the twist ones. K is the Kalman

gain, computed according to Eqn. 36.

K, =3%,.,C"(C%,.,CT +Q)" (36)

Where Q is the 3x3 covariance matrix for the measurement z. Note that if the
measurement, variance is infinite, then the Kalman gain will be zero, meaning that

Eqn. 34 reduces to

Hn+1 = ,anJrl (37)

This was the case between the frames of the webcam when no tracking measurement
was made. During these periods, the state was updated through dead-reckoning alone.
This EKF was validated in simulation using a predetermined path with normally

distributed noise based on sensor properties and performed satisfactorily.

4.3.3 Experiments

A preliminary test was to leave the satellite in a stationary position and actively bring
the robot into contact with it. A vertical bracket (a monitor stand) was clamped to
the satellite sled to serve as a surface for the robot to push against for capture.

Instead of using a planned trajectory, the attractor was simply placed slightly
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Figure 33: A screenshot of the console during capture testing.

behind the interface bracket until contact is made. Once contact was made, the
attractor stayed in the exact same position relative to the bracket as the sled moved.
This is similar to the seventh simulation above, shown in Fig. 28. In this test, the
robot initially approached the satellite at roughly 2cm/second, made contact with
the satellite at close to zero cm/second, and then pushed and maintained contact for
several seconds until it left the robot workspace. Based on our criteria this result was
a success; no bounce took place and contact was maintained long enough to allow a
hypothetical gripper to close.

The next step was to attempt a capture of a moving satellite. For this test, the
robot was programmed to hold the attractor in the home position until the satellite
came within a specified radius. With the satellite in range, the attractor was placed
inside the contact bracket. If the satellite were to left the radius, the attractor was
returned to the home position. This allowed the robot to repeatedly perform capture

attempts while the satellite was pushed in and out of the capture radius with various
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initial conditions. A video of typical capture experiments can be seen in [38]. Unfor-
tunately, under these test conditions, the satellite bounced away without maintaining
contact for any meaningful time period almost every time. This was almost certainly

due to a large contact velocity. The reasons for this are discussed below.
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5 Discussion and Future Work

The three simple behaviors described herein, PTWL, RWE and dither, were shown to
be sufficient for a wide variety of quasi-static tasks, and even some dynamic tasks (e.g.
berthing). Compared with more direct implementations of force control or teleopera-
tion, PTWL was observed to be capable of executing a wide variety of manipulation
tasks safely and robustly, both under supervisory control and within autonomous
state machines. These techniques will allow robots to effectively achieve demanding
mission goals for servicing, assembly and manufacturing in harsh environments and
subject to communications delays and disruptions.

It is unknown exactly what additional low-level, compliant-motion behaviors might
be valuable for either supervisory control or autonomous operation involving manip-
ulation tasks. At present, the three behaviors described here have been found to
be remarkably competent and versatile. One potentially useful feature not yet im-
plemented is the option to use a remote center of compliance. Currently, the port
of interaction is coincident with the force-torque sensor and cannot be moved by the
user. As mentioned above, moving the port of interaction forward can aid in insertion
tasks. One of the main difficulties in implementing this is to guarantee passivity.

Other future work could also improve our experimental setup. One of the biggest
weaknesses in this setup was the chassis of the robot used for the experiments. The
robot was mounted on a mobile base taken from a mobility scooter. The wheels were
braced to keep the robot base stationary, but the pneumatic rubber tires themselves
are naturally compliant. This has the effect that the entire robot base can comply
even when the robot is controlled stiffly. When the robot held stiffly in its home
position, the end effector can be moved by around a centimeter with a horizontal

force of roughly 20 Newtons. The entire system has a natural frequency around one

Hz.

56



Despite these apparent drawbacks, the experiments conducted above are still use-
ful. For one, the virtual stiffnesses used in all of these experiments were much smaller
than the chassis stiffness, so compliance was mostly due to the accommodation con-
troller. Moreover, the robotic arm used for a hypothetical satellite servicing mission
will have substantial physical compliance due flexibility in the lightweight arm as
well as mobility of the servicing vehicle itself. Regardless, higher-fidelity future ex-
periments should strive to emulate the physical compliance of the robot and vehicle
more accurately.

A more serious issue with the experimental setup was with the air-bearing rig. The
3D-printed air bearings and sled have satisfactory performance. The difficulty was in
finding a large, flat, level and smooth surface to support the bearings. Smoothness is
important so that aberrations do not cut through the thin pressurized film of air and
rub against the bearing itself. Flatness and level are important so that the satellite
does not experience any gravitational forces that would cause drift. And of course,
the surface needs to be large enough to accommodate the range of motion necessary
to adequately simulate capture, determined to be around one meter by two meters.

Precision granite slabs, commonly used in manufacturing, would make an ideal
surface for the air bearings. Unfortunately they are prohibitively expensive. Other
air-bearing satellite testing facilities frequently use epoxy based floors. These floors
can be cast in arbitrary shapes and sizes, but the resin is also a substantial cost. The
casting process should be done in the absence of particulates that would compromise
the surface quality, but it also must be done in-situ. For these reasons, a 2mx6mx2cm
polycarbonate sheet that was already present in the lab was used. The sheet was
sanded and buffed to ensure adequate smoothness. It was also leveled with cardboard
shims at the edges. Unfortunately, despite the sheet’s thickness, it was still flexible,
and shimming could not completely eliminate warping. This meant that in certain

areas of the floor, the whole sled experienced a non-negligible acceleration in various
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directions. In areas with especially high curvature, the bearing itself even rubbed
against the surface.

These problems were not especially noticeable during the berthing experiments
where the robot was constantly holding onto the sled. They did, however, make the
capture experiments difficult. For the experiments starting with a stationary satellite,
the ever present slopes made it difficult (though not impossible) to place the satellite
such that it would not slide out of position. Also, once the satellite is moving and in
contact with the robot, it may experience unpredictable forces or accelerations due
to this warping.

For the experiment where the robot intercepts a moving satellite, the problem was
much worse. It is almost impossible to make the satellite coast toward the robot at a
constant velocity; it always accelerates or deflects significantly over the course of its
travel. Even in the best case, this makes it impossible to use a preplanned trajectory
to intercept the satellite. Instead, the robot must constantly rely on tracking data
and either a constantly updating trajectory planner or a simple feedback controller
to intercept the satellite. In the worst case, the satellite drifts so far off course that
it is entirely impossible to intercept. In order to avoid this scenario, the satellite’s
initial velocity needs to be much greater in scale compared to the drift acceleration.
Unfortunately, higher initial velocities result in a higher contact velocity, which is
unrealistic and makes bounceless capture much more difficult. Future research using
air bearings should probably opt for a more expensive epoxy floor to avoid these

1ssues.
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