A TRIDENT SCHOLAR
PROJECT REPORT

NO. 489

Development of Hybrid Robotic Controller for Autonomous, On-Orbit Spacecraft
Assembly Applications

by

Midshipman 1/C Dakota L. Wenberg, USN

UNITED STATES NAVAL ACADEMY
ANNAPOLIS, MARYLAND

This document has been approved for public
release and sale; its distribution is unlimited.

USNA-1531-2



REPORT DOCUMENTATION PAGE OME N Doon o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
5-20-19

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Development of Hybrid Robotic Controller for Autonomous, On-Orbit Spacecraft Assembly

App]ications 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Wenberg, Dakota L.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Naval Academy
Annapolis, MD 21402

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

Trident Scholar Report no. 489 (2019)

12. DISTRIBUTION / AVAILABILITY STATEMENT

This document has been approved for public release; its distribution is UNLIMITED.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The use of robotics in the space environment has been common throughout the last half century of space exploration. However, robotic arms are rarely
entrusted to perform large assembly tasks without a human in the loop because of the high cost of the hardware. As our presence in space grows,
developing advanced autonomous robotic systems may be the way forward as time lags associated with teleoperation are expected to cripple future space
missions beyond earth orbit.

This project focuses on the derivation of an autonomous control system for spacecraft assembly applications that blends Jacobian path following and visual
servoing. Jacobian path following assumes the environment is well known and plans end effector trajectories whose performance for assembly may suffer
in dynamic or uncertain environments. Visual servoing approaches use feedback from an effector attached camera and can avoid dynamic obstacles, but
provides no guarantee of success if the sensor cannot keep the goal location in its field of view and often traverses inefficient manipulator trajectories. This
work proposes a hybrid approach that combines both approaches to improve the performance of a robotic manipulator in both known and unknown
environments.

The robotic systems are simulated using the proposed hybrid controller. The hybrid controller is developed in MATLAB using a kinematic simulation of a
two degree of freedom robotic arm operating in a single plane with a simplified camera model. Following successful implementation of the simulation, a
more complex robotic arm is simulated in 3D space. The controller is integrated into an existing robotic arm platform (URS5 Industrial Manipulator) for a
proof of concept. The results of the testing highlights the path and final position of each controller to demonstrate the advantages of each controller
individually and the advantages of the hybrid approach.

15. SUBJECT TERMS
robotics, autonomous control, visual servoing, Jacobian path following

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES
a. REPORT b. ABSTRACT c. THIS PAGE 34 19b. TELEPHONE NUMBER (include area
code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




U.S.N.A. --- Trident Scholar project report; no. 489 (2019)

DEVELOPMENT OF HYBRID ROBOTIC CONTROLLER FOR
AUTONOMOUS, ON-ORBIT SPACECRAFT ASSEMBLY APPLICATIONS

by

Midshipman 1/C Dakota L. Wenberg
United States Naval Academy
Annapolis, Maryland

Certification of Adviser(s) Approval

Assistant Professor Michael D.M. Kutzer
Weapons, Robotics and Controls Engineering Department

Associate Professor Jin S. Kang
Aerospace Engineering Department

Assistant Professor Levi D. DeVries
Weapons, Robotics and Controls Engineering Department

Acceptance for the Trident Scholar Committee

Professor Maria J. Schroeder
Associate Director of Midshipman Research

USNA-1531-2



Abstract

The use of robotics in the space environment has been common throughout the last half century
of space exploration. However, robotic arms are rarely entrusted to perform large assembly tasks
without a human in the loop because of the high cost of the hardware. As our presence in space
grows, developing advanced autonomous robotic systems may be the way forward as time lags
associated with teleoperation are expected to cripple future space missions beyond earth orbit.

This project focuses on the derivation of an autonomous control system for spacecraft assembly
applications that blends Jacobian path following and visual servoing. Jacobian path following
assumes the environment is well known and plans end effector trajectories whose performance
for assembly may suffer in dynamic or uncertain environments. Visual servoing approaches use
feedback from an effector attached camera and can avoid dynamic obstacles, but provides no
guarantee of success if the sensor cannot keep the goal location in its field of view and often
traverses inefficient manipulator trajectories. This work proposes a hybrid approach that
combines both approaches to improve the performance of a robotic manipulator in both known
and unknown environments.

The robotic systems are simulated using the proposed hybrid controller. The hybrid controller is
developed in MATLAB using a kinematic simulation of a two degree of freedom robotic arm
operating in a single plane with a simplified camera model. Following successful implementation
of the simulation, a more complex robotic arm is simulated in 3D space. The controller is
integrated into an existing robotic arm platform (URS Industrial Manipulator) for a proof of
concept. The results of the testing highlights the path and final position of each controller to
demonstrate the advantages of each controller individually and the advantages of the hybrid
approach.

Keywords: robotics, autonomous control, visual servoing, Jacobian path following
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Introduction

The advent and proliferation of autonomous robotic systems has revolutionized terrestrial
manufacturing. Automated systems may improve production rates, lower costs, and eliminate
danger to human operators. This same revolution has yet to make the jump to space. Current
robotic arms in space are primarily human controlled and are not entrusted to independent
operation [1]. While construction of larger objects in orbit has been augmented by teleoperated
robotic arms, their operation is slowed by communications delays from the ground as well as the
cost and time required to launch a human operator into space [2]. These impediments to robotic
operations in space impact the ability to assemble larger, complex spacecraft structures. The on
orbit assembly of spacecraft has been demonstrated to decrease deployment risk, and enable the
assembly of systems too large to be flown in a single launch vehicle. On orbit assembly also
enables satellites and spacecraft to be repaired and upgraded in the future [2].

Increased and improved autonomy may increase the efficiency and reliability of robotic
operations in space. A move away from an overreliance on human-in-the-loop robotics may
extend the usable reach of robots for space applications and decrease the time required to
perform robotic operations in and beyond earth orbit. There are several accepted methods for
providing closed-loop feedback to a robotic system to enable autonomous robotic operations.
Many approaches use visual feedback to a system to verify the relative position of the robotic
arm and to inform future movements. Two control approaches, eye-in-hand visual servoing and
Jacobian path following, have been extensively researched and applied in terrestrial robotics
[3][4][5]. While current research has extensively explored autonomous control using each of
these approaches separately, there does not appear to be research in the field of a sliding hybrid
controller informed by the two approaches. By combining the two approaches an autonomous
robotic system will be able to assemble spacecraft using feedback to safely operate in the
dynamic environment.

The work done focuses on developing the control algorithms for the robotic arm. The algorithms
are tested in a simulated 3D environment using a 6 Degree of Freedom (DOF) robotic arm which
is kinematically comparable to the robotic arm that will be used during the International Space
Station (ISS) testing. The simulation is also developed to be able to inject errors into the system.
The errors are a result of sensor measurement error and are injected when taking 2D and 3D
images and while moving the joints of the arm. Next a stability proof is done for the weighted
system to validate the approach. The proof results in an upper bound on the error at the end of
the trajectory. The goal for the weighting function is to minimize that error.

The report is organized as follows. The Background section motives the need for a hybrid
approach to robotic manipulator control and provides an overview of related work. The
Theoretical Results section walks through the fundamental algorithms that govern the control of
the robot, the proposed weighting function, the error models used in simulation, and the
simulation results. The Experimental Results section presents the results of the URS
demonstration. The conclusion section concludes the report and summarizes future work.



Background

The biggest initial question for the project is: why is a hybrid controller necessary? The two
discussed approaches to autonomous control, eye-in-hand visual servoing and model-based
trajectory planning, are each viable methods of determining how to move a robotic arm on their
own. So why combine them? Problems arise when the requirements of the space environment,
and the limitations of the available sensors are taken into consideration. Jacobian path following
works incredibly well in the terrestrial environment. Excellent cameras with great resolution and
large high powered computers can be used to get incredibly accurate depth data to determine the
position of a robotic arm. This means that the path that it follows is accurate. However because
of size, weight and power requirements, in the space environment less accurate sensors are the
only options available. This causes end position error in the Jacobian path following approach.
This error is dangerous when looking at spacecraft assembly because of the sensitivity and the
cost of the parts being assembled. Another inherent problem with Jacobian path following is the
difficulty of the system to respond to a dynamic environment. For example if an object obstructs
the field of view of the 3D camera then it is difficult to acquire the necessary depth data.

There are also problems with eye-in-hand visual servoing. Most significantly, if the object which
is being used as a reference leaves the field of view of the camera, the robot can no longer be
controlled using this method. There are also errors in the 2D image produced by the resolution of
the camera. These errors are worse when the camera is a distance away from the object. However
one of the advantages of eye-in-hand visual servoing is that as the distance to the object
decreases, the error decreases. This enables highly accurate end effector position at close
proximity. This advantage of visual servoing suggests that this method should be used for fine
movements close to an object at the end of the robotic trajectory. Following this conclusion, it is
clear that a hybrid controller is necessary to be able to use both of these approaches.

By definition, a hybrid controller combines these two approaches. Jacobian path following is
used to form a generalized understanding of the trajectory through free-space, and eye-in-hand
visual servoing reduces the positional error that exists in Jacobian path following while allowing
the robotic arm to react to a dynamic field of obstacles.

1. Past Research in this Field

One of the more recent advances in robotic control came with the advent of digital camera
technology and subsequent study of machine vision. With this technology, researchers began
investigating the use of measured parameters from digital images to inform robotic movements.
One such method, known as visual servoing, leverages image parameters to create a closed-loop
velocity controller for robots. Early work in visual servoing began in the early 1970s and has
continued ever since. Extensive reviews of visual servoing methods have been published
including those by Peter Corke who has authored numerous papers, books, and code packages on
visual servoing and more broadly visual robotic control [6]. His work details visual servoing
methods starting with the characterizing electromechanical systems, summarizing methods and
models for image capture, and detailing various algorithms associated with creating a closed-
loop control system using feedback from a digital camera.



Substantial research also exists in the field of motion planning and manipulation. In the
introduction to Algorithmic Foundations of Robotics Jean- Claude Latombe notes, “As our
understanding of algorithms grows, machines will improve on their ability to appear as machines
executing algorithms, independent of any ephemeral technology” [7]. The book outlines a
number of established approaches to the mathematical modeling of and planning for robotic
systems. Issues such as point sampling, image segmentation, obstacle avoidance algorithms and
other methods are discussed in the text. These are robustly studied areas of robotic planning and
have many examples of real world implementation.

Current projects such as DARPA’s Robotic Servicing of Geosynchronous Satellites Program use
closed-loop visual control methods to autonomously rendezvous with large satellites to repair
and refuel them without needing to return them to the ground [8]. This project and others like it
build on over fifty years of knowledge and experience in the field of robotic operations and
control. Because the DARPA project is aimed at large expensive geosynchronous satellites the
control method for the robotic arm is a combination of autonomous and teleoperation methods
[9]. The autonomous functions are performed using visual servoing and a compliance control
system. However due to the complex required manipulation tasks, the fine movement tasks will
be carried out using teleoperation. Autonomy will only be used in cases where the spacecraft
does not have reliable communications with the ground. This means that although many of the
functions on RSGS are autonomous, full autonomy is not achieved in this platform despite the
visual servoing control.

Another autonomous space robotic arm was demonstrated on the Orbital Express Satellite
Servicing project in 2007 [10]. The demonstration included autonomous capture and refueling of
a satellite. The capture was performed using pre-planned movements along with visual servoing.
While visual servoing was implemented in this approach the heavy reliance on pre-scripted
commands means that the system was not fully autonomous, nor did it combine model-based
planning with visual servoing.

There are robotic projects that have developed hybrid robotic control techniques leveraging
multiple inputs to a system. The first example is the linear combination of Position Based Visual
Servoing (PVBS) and Image Based Visual Servoing (IVBS) [3]. The two inputs are added and
scaled based on an error term. This approach is more complex than the elegant sliding hybrid
which is proposed in this paper. The second example is a project that looks at supplementing
human motion with an attached robotic arm for patients with neurological injuries undergoing
rehabilitation [11]. The objective is to provide robotic assistance on an as-needed basis when a
patient cannot perform a function in rehabilitation training. The discrete event nature of this
approach (either the robot arm is on or it is off) means that either a preprogrammed rule or input
from an observing therapist is needed to discretely switch back and forth between the human
motion and the motion of the robotic arm. The goal of this research is to optimize the interaction
between the robot and human. The described hybrid controller proposes an adaptive rule to
change modes using sliding surfaces and a reference trajectory in a Lyapunov-based algorithm.
The controller also adjusts assistance levels based on the patient’s ability, it does not need new
input parameters for each new patient and each new session as information collected during



sessions adjusts the system parameters. The stability of the system is shown through Lyapunov-
based analysis. Overall this research indicates that multiple inputs to a system from different
control approaches can be combined to produce a stable robotic system.

Theoretical Results

1. Algorithm Development

The algorithms developed as part of this work are broken into two sections. The Jacobian path
following section describes the derivation of a Jacobian matrix which is used to relate joint
velocities to task space velocities to execute Jacobian path following. The visual servoing
section details a previously derived method of executing visual servoing that accounts for the
translation and the orientation change in the robotic arm using a camera.

The main purpose of all of these approaches is to relate a change in coordinates in 3D space to a
change in the joint angles of the robotic arm. Then from there the understanding of how the joint
position needs to change can be used to move the robotic arm in 3D space to produce that desired
change.

Jacobian Path Following

Jacobian path following executes linear motion in task space, so the trajectory looks like a
straight line from the start position to the end position. However this approach is limited by the
accuracy of the sensor (a 3D camera). Jacobian path following is executed by relating the joint

variables (ﬁ) to the task variables ()? ). Task variables are a 6x1 vector that represents the desired
change in translation and orientation of the end-effector. The equation

X0 = ()3, 1

defines the relationship between joint and end-effector velocities using a Jacobian matrix, J(G).

Here, X° is defined as the task velocities of the end-effector referenced to Frame 0 (the base

frame of the robotic manipulator) and Ei represents a vector containing the joint velocities of the
manipulator. Because this relationship is linear, it provides a simple way of converting desired
end-effector velocities into desired joint velocities

q =)@K @

The robotic Jacobian is configuration dependent meaning that the velocity relationship between
the end-effector and joint velocities changes as the arm moves. The Jacobian relating end-
effector velocities and joint velocities for a 6 degree of freedom (DOF) arm is calculated in two
parts. The upper half of the matrix that relates the joints to the translation of the arm
(x(q),v(q),z(q) ) is calculated by taking the partial derivatives with respect to each joint
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The equations for x(q), y(§), and z(q) are found by calculating the forward kinematics of the
arm, that relate the end effector to the base, symbolically

HO(G) = lR;’(a) 072@] )
07 1

and then extracting the translation matrix,

A x(4) (5)
do(@) = |y(@
z(q)

The second half of the matrix describes the rotation component of the Jacobian and relates the
orientation to the joint angles. For simplicity not all variables that are a function of g are going to
be explicitly called out. This method is described in [12]. The method uses the rotation matrix RQ
that is extracted from the forward kinematics to produce the Jacobian

o[RS L\ oRY .\ (6)
e[ - ()]

where V is notation for the vee function. The method for finding the desired change in translation
AxO
At

transform between the current end effector position and the goal position is found by
manipulating the transforms of each individual from with respect to the base,

. . ARC . .
and orientation -~ relies upon the homogeneous transform between the different poses. The

Hg = (He)™'Hg ™)
ng:le dgl_ (®)
0" 1

Where the relationship for the translation change can be extracted from the resultant 4X4
matrix,

A%e = de. ©)



And the relationship for the rotation (Aze) is given by taking the rotation matrix from the
homogeneous transform and taking the vee of the matrix natural log,

Ake = [logm(RE)]Y (10)
Then each calculated change is modified such that it is given in terms of the base frame instead
of the end effector frame,

AR° 11
— = ROz (h
AkO - (12)
— = Roake

When combined, we achieve a term in 3D task space relative to the base frame that describes the
translation and orientation difference between the current end effector pose and the desired end
effector pose.

A Ax° (13)
At Ak°
At

. . . AXO L . .
The result is the task variable matrix (Ait) which is used in the fundamental equation for

Jacobian path following

AG )1 AX° (14)
ac =D 3
which by the fundamental theorem of calculus results in

AG = s](§)7*AX°, (15)

where s is a scaling term used to decrease the step size for each increment preserving the
fundamental theorem of calculus assumption. The result is an equation that converts the desired
change in orientation and position into the required joint velocities needed to accomplish that
change. The assumption in this approach is that the inverse of the Jacobian matrix is never
singular. When taking an inverse of a matrix every value in the new matrix is, by definition,
divided by the determinant of the original matrix. If the determinant is equal to zero then the
resultant inverse becomes undefined. This can occur at many different configurations of the
robotic arm called singularities. Avoidance of singularities is well documented in literature [13].
A temporary solution to avoid this situation is to avoid these configurations and to monitor the
Jacobian throughout the trajectory and if it nears a singularity, the calculated velocity is
regulated.



10

Visual Servoing

The basic principle of visual servoing is that the projected image of an object changes if the
object moves relative to the camera or if the camera moves relative to the object. Visual servoing
commands a robotic arm to move such that a particular object within a camera’s field of view
changes position and orientation from a starting configuration to match a desired ending
configuration as shown in Figure 1.

7 m

Figure 1: Initial view of cube (left) and desired view of cube (right).

Eye-in-hand visual servoing is where the camera is positioned on the end-effector of the arm and
moves with the robotic arm as shown in Figure 2. This allows the system to see more and to view
objects from different angles. Image based visual servoing is implemented using what’s called an
image Jacobian. The image Jacobian is the product of the manipulator Jacobian, the camera’s
intrinsic matrix, and the camera’s extrinsic matrix relating the camera frame to a frame on the
robotic end-effector.

The method for executing the visual servo is derived from [14]. This approach combines both an
understanding of the object view in the camera, while estimating its orientation in space. The
fundamentals of this approach are shown in Figure 2 where not only the position of the reference
point in the camera frame is used in the calculations but also the distances from the reference
point to the current and desired camera frame and the normalized distance to the plane the
reference point sits on.
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Reference Point

Start

Figure 2: Basic principles of 2 2 D visual servoing.

Z is the current distance between the camera frame and the reference target point and normalized
goal distance is d*. Z* is the distance between the camera frame and the reference target point at
the desired end position and orientation. These properties are all shown in Figure 2.

Some of the basic parameters are,
. ol = Ug Z (16)
= [vl P = Vg, p1 = —
1

Are extracted from the image. P™ which is the current image point as expressed as a 2X1 matrix
that contains the 2D coordinate points where the reference point shows up on the image frame
and P™s which is the desired image point are both points referenced relative to the matrix of the
camera. p; is a method of scaling the trajectory as the camera reaches the end position.

The image points are related to the desired change in camera orientation and translation through
a series of matrices in the 2 %2 D Visual Servoing method [14]:

-1 0 u (17)
L,=]0 -1 wv
0 0 -1
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uv —-(1+u?) v (18)
Low = [(1+v?) —uv —u
-V u 0
L = _Z*(Lv)_l _Z*(Lv)_lva (19)
05 Is

where the L matrix is the matrix used to manipulate the error term (€), which is a compact

method of expressing translational and rotational error (AE0 is calculated using the same
methods of calculating the term as described in Equations 10 and 12),

U—U 20
[ V-, ] 20)
s (32)
og 7+
AkO
V = —sLé[14]. 21

The error term is related to the camera velocity screw (17), by a scalar term (s).

The method for converting from camera velocity to the joint velocity is by using the intrinsic
matrix (A7"), which holds camera parameters and the rotation matrices extracted from the
forward kinematics. The intrinsic matrix describes the internal parameters of the camera and can
be used to convert points in 3D space to a projection onto a camera. The homogeneous transform
between the camera and the base frame is found using forward kinematics,

o [Rg (zgl (22)

or 1

then the rotation matrix is extracted from the transform
RG = (R)H™ = (RYT. (23)

Then the image Jacobian, used in calculating the translation, is calculated by combining the
intrinsic matrix, the rotation matrix extracted in Equations 16 and 17, and the first three rows of
the Jacobian matrix (J,(g)) which relate to the translational velocity of the end effector. The
result

Ji(@) = AT'RE] (@) (24)
Is then concatenated with the last three rows of the Jacobian matrix which relate the rotational
velocity to the end effector to create the combined Jacobian matrix.

Ji(@) (25)

J@D=11 @
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This matrix is then used to related the calculate camera velocity screw to the change in joint
angles,

AG = J(@)V. (26)

One of the key assumptions in 2 %2 D visual servoing is that the identity matrix can be used in the
lower right hand 3x3 matrix of the L matrix which is shown in Equation 19. This assumption
comes from a small angle approximation for this approach where the method assumes that only
small changes in orientation are occurring. There is a term that is based on the change in
orientation in the equations that is assumed to be small. The term which results in this
approximation is plotted in Figure 3.

0.35

0 02 04 06 08 1 12 14 16
Angle of rotation (rad)

Figure 3: Small angle approximation with maximum change in orientation plotted with red line.

sin(6)/6
sin2(6)/62
increased. The plotted term is subtracted from 1 in the equations for this visual servoing
approach. The result is that if the term is small then for this approach it can be assumed that the
value is approximately equal to 1 and the identity matrix can be used in Equation 19. It is
estimated that this assumption will hold as long as the term is within 10% of 1 so it would be
equal to 0.1. The 10% bound is decided because it is a reasonable bound around the value and it
is a common bounding value for an approximation. This result occurs for all orientation values
between 0 and 0.2 rad. The conclusion is that the small angle approximation is valid for small
orientation changes (-0.2 rad to 0.2 rad).

This graph shows how the term (g +(1- )) changes as the angle of rotation, 6, is

2. Error Models

There are two main error models used to add noise to the system. The goal is to quantify the
performance of the system under realistic error. The 2D image section outlines the method of
simulating error in a regular camera. The 3D image section walks through an approach to
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modeling error when a 3D image of a point is space is taken using a stereoscopic vision system
with two cameras.

2D Camera Error

The 2D Image error model is based on an assumption that the camera calibration will be the
source of the error. Camera calibration is used to calculate the intrinsic matrix (A}}). When
calibrating a camera the functions used to execute this calibration return both calculated
parameters and error terms (54 ) [14]

Oa Oy Oy (27)
611\\,/1 =10 Jﬁ O'UO .
0 0 1

An example camera calibration is used in the simulation. Taking an image in simulation is done
by converting the coordinates of a point relative to the camera into image plane coordinates by
using the intrinsic matrix A §

Pm = gmpN. (28)

To simulate error a term is added to account for the increase in error in the camera as the camera
gets further away from the point

a=s (e th;n — 1). (29)

Where there is a minimum (Z,,;,,) and maximum (z,,,, ) distance for which the camera can
resolve two points. The error is maximum when the point being imaged is at the furthest distance
and minimum at the closest distance as shown in Figure 4.

Z
Z

Zmax

Figure 4: A point (star) that lies closer to the z,,;, has a smaller error than a point closer to the
Zmax because the camera can better resolve points at closer distances.

The error is then added to the intrinsic matrix by multiplying the term that correlates to distance
by the matrix of error,

M = AT + adl. (30)
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The result is a matrix whose error increases as the distance to the reference point increases. This
noisy intrinsic matrix is then used to take a noisy image of the target by substituting A 3} for
A™ in Equation 28.

3D Camera Error

3D imager data is used in the Jacobian path following approach. The goal position is taken from
the output of the camera with is a depth image that represents the 3D environment around the
camera. The imager most commonly used is a stereoscopic 3D camera which uses two separate
cameras to take images and the offset difference between the two images is used to calculate
depth. The error in the position reading of a stereoscopic camera is the result of the overlap that
is used to determine distance. An image of the generated error is given in Figure 5.

Figure 5: The overlap between two images resulting in an error (red) that is approximately
circular.

The equation for determining the position of a point using stereo vision is [15]

BQutuy) 31)
Up—ur
B(vi+vy)
U—uy
2B

U—uy

P=|Y

Z

Where B is the baseline distance between the centers of each camera, the u and v terms are the
position of the point in the view of either the right (r) or left (1) camera. A covariance (error)
matrix for the system is calculated by combining the covariance matrix of each individual
camera (V;, 1}.) and a Jacobian matrix:



]f:

Which gives,

V0
v, =Jrlo v] 00"
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0X 09X 09X 0X (32)
ou v, du, Oy,
ay ay ay oy
ou v, du, Oy,
0Z oz 07 0Z
0w, dv; Ou, 0,
(33)

As a way to visualize the error produced around a point by this covariance matrix a Monte Carlo
simulation is run on a series of three points in the field of view of the camera. The goal is to
create a sphere of points around the point that symbolizes the range of the error that could exist
for a single point. Figure 6 is the result of that simulation.
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Figure 6: Visualization of error surrounding a point as produced by a 3D stereoscopic vision

camera.

A close up example image of 10,000 sample points of a single point using this error method is

given in Figure 7.
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Figure 7: A random sample of 10,000 points of one location using the 3D camera errors.

The simulation of the 3D error gives an oval shape which matches the expected shape resented in
the paper where the overlap between the cameras results in an error profile that is longer in the
normal direction to the camera than laterally within the field of view.

3. Weighting Function

The weighting section describes a derived method of weighting these two approaches using the
current and desired position and orientation as well as the position of the reference pixel in the
field of view of the camera.

The proposed hybrid controller is a weighted sum of the two joint velocities: one from the visual
servoing and the other from the robotic Jacobian following waypoints in a pre-planned path. The
weight of each controller is decided based on the distance to the target position and orientation.
As an analogy, this approach can be applied to a cruise missile. The missile, when initially
launched, is guided by long range guidance systems such as satellite guidance and tracking.
However as the missile approaches its target, it switches to automatic target recognition to refine
the path to the target. In that same fashion the hybrid controller seamlessly moves from the initial
control using a pre-planned path to a controller that refines movement using visual feedback until
it reaches the desired position.
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The weight of the visual servoing control coefficient is zero at the starting position where the
fraction of total distance to the target is 1. This means that, initially, the visual servoing
controller has no effect on the movement of the robotic arm. The weight of the visual servoing
control coefficient grows as the fraction of the total distance to the target falls to zero, ending at
the final position equal to 1. The result should be a movement that initially matches the pre-
planned path and diverges as from the planned path to the actual target position as the end-
effector gets closer to the target. Since visual servoing is less accurate when it is far away from
an object, following a pre-planned path is used until the robotic arm sufficiently close to the
object of interest. Once the object is sufficiently close, visual servoing begins to drive the arm to
an accurate end-effector position. In the proposal the weighting function took only the translation
of the arm into account while sliding between each approach. However, in the 3D approach this
term does not encompass the entire story. It is necessary to take into account both translation and
orientation. Therefore each weighting term is averaged into a combined term that describes the
error is orientation (W,.) and translation (IW;)

X, —X 34
=M oy .
|Xg - Xinit|
|logm (Rgg)v — logm(Rg)V| (35)
I = < T E [0,1]
|l0gm (Rgg) - logm(Rgim,t) |
_We+ W (36)

¢ 2

This combined term (W, ) weights the error in translation and rotation equally while still
returning a result that is between 0 and 1.

Stability Proof

The stability proof is conducted using the principle of Lyapunov functions that if the derivative
of the potential function can be shown to be negative, within a bound, from any starting
configuration, then the system is stable in the sense of Lyapunov. Imagine a bowl. The goal of a
Lyapunov approach is to prove the shape of the bowl so that it can be concluded that for any
initial position on the surface of the bowl that the final position will be the bottom of the bowl.
This approach is completed in two steps. First a generic controller is used to demonstrate that a
weighted function can be proved stable. Then specific matrices for each controller are substituted
to complete the proof.

Consider two separate approaches to robotic control which are each individually stable. The goal
of the proof is to show that weighting two stable systems does not render the system unstable
[16]. There are simplified stable systems are used in the first proof with error terms included.
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The goal of the simplified proof is to model the structure of the problem and it sets a template for
the full proof.

Assume there is a system:

X =ax + u. (37)
The term u could be calculated one of two ways (similar to how the desired change in joint
velocity can be calculated in two ways either Jacobian path following or visual servoing),

u=—kix+ g,(t x) (38)

u=—k,x + g,(t,x) (39)
where g, (t, x) and g, (¢, x) are error terms that are time and state dependent. The system that
results from each is,

System 1 System 2
x=(a—kyx+ g.(t x) x = (a—ky)x+ g,(t, x). (40)
The Lyapunov function for this example is
V = xx (41)
which results in a system that has the following potential functions,
V= (a—k)x?*+ g,(t,x)x V= (a—ky)x?+ g,(t,x)x. (42)
If the error terms are bounded,
—611x| < g:(t, x)x < &, x| —8;x] < g2 (8, x)x < & || (43)
and the placeholder term
0<6<1 (44)
is used to separate the terms.
V=-1-6)a~—kllxl? V=—(1-0)la-kyllx|? (45)
—0la — ky|lx|? + &y x| —0la — ky|lx|? + 8,1 x].

The —(1 — 8)|a — k,||x|? portion of the function will always be negative because of the bounds
on 6. So the next step is to determine for what values of x will result in negative values therefore
proving the Lyapunov stability of the system. So how to make the rest of the equation always be
negative. When the last two terms are compared to each other the following bound is calculated,

6 6 46
x> & (46)
Ola — k4| Bla — k,|
This means that each example system individually have a bound on the error seen above. The
system will converge to within that bound which is around the end state of the system.

lx| >

The goal of the next step of the proof is to show that there is still a bound on the error and that
the system is stable even when weighting the two stable approaches. The system equation for the
weighting function is

X = W((a —k)x+ g.(t, x)) +(1- W)((a —ky)x + g, (¢, x)) (47)

With the Lyapunov equation bounded by



V<Wla—kqilx|?+ (1 =W)|a — ky||x|? + 6;]x| + &,]x|
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(48)

with the bound on the disturbances due to error being added the same as the previous proof. The

result being a bounded region around the origin to which the system will converge

61+ 6,
[x| =
OWla—ki|+ (1 —=W)la— k,|).

(49)

The full proof'is derived from two separate proofs which show that Jacobian Path Following and

2 2 D Visual Servoing are stable when operating independently [17] [14]. The goal of the

following proof is to show that by weighting the functions that the stability of the system is still

maintained. The equations for the error term which is the control input to the system is

e=w(—Q,e+ g1) + (1 —=w)(—0Qze + g,)

(50)

where Q, and Q, are matrices that represent the negative semi-definite matrices that are used in
the equations for Jacobian path following and visual servoing. g;and g, are errors due to the

camera errors which inject error into the system. The Lyapunov function is similar to the

previous proof

1
V=-é"e
2
and the derivative results in
v =eTé.

Inserting Equation 50 into Equation 52 results in

V= e'T(W(—Qle_ +g1) + (A —w)(—Qe + 92))-
Rearranging the equation gives
V=-weTQ,e—(1-w)eTQ,e+weTg, + (1 —-w)eg,.
The error terms are then bounded
—6,leT| <weTg, < é&,le”|
—8,1e"| < (1 —w)eT g, < 5,leT|
And the 6 term is added to the system
0<6<1

V=_>1-6)(—wlQlle]* — (1 —w)|Q.lle]*>) + 0(—wl|Q,]le]* — (1 — w)|Q.le]?)
+6,1eT| + 8,]eT].

Then isolating the error terms and the other portion of the equation,

(61 + 82)1e™| < 6(-w|e,|lel* - (1 - w)|Q,|lel?)
(61 + 6;) < 0(—wlQ,|lel - (1 —w)|Q,|lel)
results in an error bound which is

€]y

(52)

(53)

(54

(35)
(56)

(57)
(58)

(59)
(60)
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0 cwlul - (- Wl ©)
This all shows that for any particular configuration that the system will converge to a bounded
region around where the potential function is zero. However the one simplifying assumption in
this proof is that w is not state dependent which is not the case because it actually depends on the
joint configuration and the distance to the target end state. This assumption allows this proof to
be conducted however it could mean that for certain states the system may not be stable.

lel =

Resulting Weighting Function

The paper which lays out the proof for the stability of the 2 2 D visual servoing approach
dictates that in order for the system to be stable, the target reference point must stay within the
field of view of the camera. Since this is a major condition of stability, the rotation and
translation error terms are not sufficient for determining the weighting function. Jacobian path
following only moves linearly in task space which opens up the possibility that the reference
point leaves the field of view. As a result the weighting function must also take into account the
position of the target in the field of view of the camera such that when the point is about to leave
the field of view the function shifts quickly to visual servoing in order to keep the point in the
field of view. To accomplish this the distance between the center of the image and the point is
taken

p=~u—up?+ W —v) (62)

This implementation assumes that the image is wider than it is tall. A saddle function is built,

T
Vo

and the total weight W is based on the error term and the position of the pixel, where n €
{246 ..}

A visualization of this function is given in Figure 8.
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Figure 8: Visualization of weighting function with respect to error and pixel location.

Then the function is weighted such that when W=1 Jacobian path following is implemented and
when W=0 visual servoing is implemented.

ki =1-W (64)
k, =W (65)

The final weighting equation is
dn = k2Gc + k1qys (66)

Simulation and Experimental Results

The results to demonstrate this system are in simulation and in hardware testing. There are three
arms that are built in simulation. They are a theoretical 2DOF and 6DOF arm, a ScorBot, and a
URS. The system is also simulated on a real URS arm.

The initial testing is done using a simple 2DOF robotic arm with several simplifying assumptions
which means that this simulation only moves the robotic arm in a single plane. The robotic arm
used is shown in Figure 9.
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Robot Arm

Figure 9: 2DOF robotic arm in single plane simulation.

The initial results of the simulations show that the system is initially feasible. Figure 10 indicates
that the trajectory path planning is the most direct method of moving from the starting
configuration to the ending position, where the path is essentially a straight line from start to end.
This is because when executing Jacobian path following the arm moves both of its degrees of
freedom to achieve a mostly straight line where visual servoing will primarily operate fewer
joints which is why the path is curved. What this simulation fails to take into account is the
errors that are inherent in this approach. These errors are due to errors inherent in the sensor, for
this application a 3D camera, where at certain distances from the sensor the Jacobian path
following is expected to be less accurate. This means that in practice the robotic arm will not
always follow such a straight line from start to finish and will probably arrive at an inaccurate
ending position.
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Figure 10: Initial Results of 2D representation of camera and point

The path which the hybrid controller followed was initially similar to the model-based trajectory
planned path and then as weight was driven to zero as it approached the end position the hybrid
controller was informed increasingly by the visual servoing control.

The simulation of a 6 DOF robotic arm has a simulated 2D camera at the end-effector and a 3D
camera mounted close to the origin of the arm. The simulation tracks the position and orientation
of the arm, the commanded joint angles as is shown in Figure 11.
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Simulation of Robotic Arm

Figure 11: Simulation setup for 6DOF arm.

The kinematics of the arm are described in the Denavit-Hartenberg table given in Table 1.

Table 1: D-H Table for 6DOF Simulated Arm

Joint i a; a; d; 0;
1 0 0 0 0{
2 0 0 L 0
3 0, L, 0 03
4 0 L5 0 03
5 0 ly 0 0
6 0: ls 0 0

It also tracks the position of the target point in the field of view of the 2D camera. The view from
the camera can be seen in Figure 12.
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Figure 12: Simulated view of target point in the frame of a camera mounted onto the end
effector of the robotic arm.

The simulation runs each method (Jacobian path following, visual servoing, and the hybrid) and
tracks the required data over iterations. Then each method is compared in the graphs below.
Figure 13 shows a close up of each trajectory.
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Figure 13: The trajectory of the Jacobian path following, visual servoing and hybrid.

As expected the Jacobian path following traces an almost straight line from the start position to
the ending position. The visual servoing firsts orients itself in the correct direction and deviates
from the path before servoing in on the final position. The hybrid first traverses the path planning
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trajectory before lining up the orientation as it switches to visual servoing. Figure 14 shows the
translational and rotation error over each iteration of each controller.
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Figure 14: Translational (left) and rotation error (right) for each controller over iterations

The combined error terms are critical to the weighting function and as the graph shows, the
hybrid approach balances both by decreasing the translational steady state error as compared to
visual servoing and decreasing the rotational error of the system as compared to Jacobian path
following. The inclusion of the error models for the cameras in the simulation does not lessen

these effects as shown in Figure 15.
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Figure 15: Translational (left) and rotational error (right) for each controller over iterations with
camera error

There are significant changes in joint angle right around the halfway point in the trajectory which
can be seen in Figure 16. Those changes are mitigated by setting a maximum absolute change in

the commanded joint movements.
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Figure 16: Joint angles over iterations without error (left) and with error (right).

The second simulation is the ScorBot ER-4U which is a SDOF robotic arm that is run in
simulation. In order to be able to invert the Jacobian matrix which is now 5X6 the Moore
Penrose Pseudo Inverse is used in place of the inverse in the algorithms. Otherwise the robot
executes the exact same controller as demonstrated in the previous simulation.



29

S I
e N
500 B\,-f—-ﬂ n 200 400 £AA N\ e Tﬁ 200 -400
0 N N
1 S
" e
EA S, e —— < . 200 -400 A I ) onn =400

Figure 17: Trajectory of ScoreBot executing the hybrid controller.

This implementation suggests that this hybrid controller can work for industrial manipulators.
The trajectory the arm follows is mostly a linear trajectory in the workspace which suggests that
the visual servoing and the Jacobian path following methods resulted in similar calculations for
the trajectory. This results in the seamless transition between the two controllers.

The next arm tested is the URS industrial manipulator. The trajectory of that manipulator is given
in Figure 18.
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Figure 18: Trajectory of UR 5 executing the hybrid controller in simulation.

The trajectory of the arm is as expected with the arm moving from star to end configuration. The
weight shifts from 1 to 0 over time in a predictable manner which suggests the arm is executing
the hybrid controller as the equations predict. Then that same controller is tested to see if it can
traverse the same trajectory when running on the actual URS pictured in Figure 19.
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Figure 19: The U5 manipulator.

A frame breakdown of the motion is shown in Figure 20.

31
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Figure 20: Trajectory of UR 5 executing the hybrid controller.

The URS performs the trajectory just as it is executed in the simulation with the weight changing
over iterations and the arm performing visual servoing at the end of its path. This test positively
suggests that this controller can be used safely on industrial, commercially available robotic
arms.

All of these tests demonstrate the viability of this method to be used in the general field of
robotics. Specific to the application of this project, space, these results demonstrate the
possibility of integrating the system into common robotic systems. Though the method was
tested in hardware and simulation with robots used on the ground, their general construction and
standard operation is comparable to robotic arms in space. In addition the initial simulation of the
system used the kinematics of a robotic arm that will be used in spacecraft applications.

Conclusions

As expected the Jacobian path following traces an almost straight line, visual servoing firsts
orients itself in the correct direction and deviates from the path before servoing in on the final
position. The combined error terms are critical to the weighting function and as the graph shows,
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the hybrid approach balances both by decreasing the translational steady state error as compared
to visual servoing and decreasing the rotational error of the system as compared to Jacobian path
following. The inclusion of the error models for the cameras in the simulation does not lessen
these effects. The stability proof shows that for these two methods that are independently stable
that they can be combined using a weighting function and as long as that weight is between 0 and
1 the system is stable. The simulations and experiments support that this is a viable controller for
robotic arms.

1. Discussion

The hardware testing for this system was limited due to problems with integrating all of the
hardware components into ROS. The hardware required for a full proof of concept would take a
considerable amount of effort. But a combined hardware system would better demonstrate the
feasibility of using this controller with actual robotic arms.

2. Future Work

This system could be tested in a number of robotic arms to show that it is a robust approach to
robotics. This could also be implemented into a robotic arm that is going to space in 2020 as part
of the Intelligent Space Assembly Robot project.
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