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The concept of using Satellite Formation Flight (SFF) reveals various benefits for a
space mission. However, relying on a consumable actuation system to maintain a
desired relative position and orientation between flying satellites has hindered its
practicality and feasibility for long duration missions. By adapting the SFF concept
such that electromagnetic actuation mechanism is employed, the concept of
Electromagnetic Formation Flight (EMFF) offers a great potential to validate such a
technology. EMFF provides interacting forces and torques between flying satellites
to maintain their relative position within a formation using its electromagnetic
actuation capabilities. This dissertation demonstrates the possibilities of utilizing a
vision-based positioning system, called Smartphone Video Guidance Sensor, for
performing autonomous navigation and electromagnetic formation flight between
dual vehicles of RINGS hardware. The study presented in this research aims to
perform the following: First, conducting experimental assessment tests to assess the
overall performance of positioning estimations of the SVGS sensor. Quantitative
analyses of the positioning errors of SVGS, which highlight its abilities to estimate
not only relative position but also relative velocity, were analyzed. The presented
statistical analyses compare both mean and standard deviation errors, where results
demonstrate how precise the SVGS can keep track of the relative position and
orientation for the moving target. Second, establishing the feasibility of a visionbased navigation and flight formation between two vehicles, where various pathiii

following problems were demonstrated using the introduced vision-based system.
Optimal control technique, as well as optimal state estimator, were involved in the
design and formulation of the developed closed-loop system. Experimental results
highlight the capabilities of the implemented control systems and the developed
ducted-fan motion platform to perform experimentally a leader-follower based
formation flight, where maneuvers of position hold and path following were analyzed
and presented. Third, demonstrating the design and experimental implementation of
closed-loop axial position control for electromagnetic formation flight vehicles using
the alternative electromagnetic actuators of RINGS hardware. The experimental
setup for the EMFF tests aims to control the planar motion of a moving vehicle
relative to a stationary vehicle in a two-dimensional setup using typical robust control
methods. Overall, this dissertation experimentally proves the ability of the visionbased SVGS positioning system and the RINGS system to demonstrates successful
closed-loop EMFF position control between two flying vehicles.
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CHAPTER 1
Introduction
1.1

Motivation and Background

The evolution in complex space missions, in many aspects, is growing significantly.
In recent years, there has been an increasing interest in exploring the feasibility of
flying satellite within a formation for more sophisticated and advanced space
missions [1-3]. In space applications, a formation flight term is referred to as an array
of satellites or spacecrafts that have a constrained relative position state between
them. Possibilities of flying satellites in a formation reveal great potential advantages
for trading a single, more complex, and more massive satellite with multiple or
clusters of smaller satellites. Such benefits of satellite formation flight (SFF) to a
space mission can be in the form of reducing the total cost, lowering potential risks
of failure, and increasing effectiveness of a space mission [4]. Development costs of
smaller multiple satellites that perform the same space mission of an equivalent more
massive single satellite can be attained. Similarly, potential failure in a single satellite
brings the whole mission to risk, whereas failure of a satellite in a formation enables
the remaining satellites to reform themselves within the formation and continue
pursuing the mission. Also, enabling for broader resolution and range with larger
sensor apertures is another gain of SFF that increases the effectiveness of a space
mission.
Various examples of space missions that adapt the concept of the SFF were
previously investigated. The TechSat 21 program, which was explored by the Air
Force Research Laboratory, was intended to prove the concept of the SFF [1, 3]. In
addition, the Terrestrial Planet Finder (TPF) space mission was revealed by National
Aeronautics and Space Administration (NASA), which was designed for exploring
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and searching for Earth-like planets outside our solar system. Such example of TPF
mission that uses the SFF concept was considered in the infrared interferometer
design, where multiple spacecraft equipped with a telescope and flying in a formation
were studied [2]. Previous research efforts have also explored various designs of
satellite formation flying, such as follower formations, and station keeping [4, 5].
One of the main concerns in performing such a formation between multiple satellites
is the dependence on a propulsion system that uses consumable materials such as gas
thrusters. This significantly hinders the practicability of SFF and limits its feasibility
for future space-related missions, since maintaining the relative position of all flying
satellites in a formation becomes impossible to achieve as the lifetime of the mission
increases. One approach for providing a propellant-free propulsion system for the
operation of multiple satellites in a formation is based on electromagnetic (EM)
actuation mechanism that generates EM forces and torques. This method is nowadays
known as Electromagnetic Formation Flight, or EMFF [6].
Another challenge that faces the development of a formation flight is the need for
sensing techniques that provide accurate positioning information between all flying
vehicles. The design of SFF controllers requires the knowledge of relative position
between flying satellites. Thus, a metrology system that offers precise positioning
information regarding the relative motion of moving satellites becomes an essential
part for the development of SFF.
In recent years, there has been an increasing interest in the development of
positioning sensors for proximity operations, especially for space-related
applications. Some of the current positioning systems rely on Global Position System
(GPS), and Inertial Measurement System (IMU), while other considered laser-based
and vision-based techniques [7-11]. An example of such a system is the Advanced
Video Guidance Sensor (AVGS) that was developed by Marshall Space Flight
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Center (MSFC) at NASA. AVGS is a laser-based sensor for near-field docking and
rendezvous maneuvers, which was deployed and integrated into the rendezvous and
capture system of the Boeing ASTRO spacecraft in 2007 [12]. The AVGS operates
in a near- and mid-range providing information of the 6-DOF relative state. Further
developments of the AVGS were previously explored, where the Next Generation
Advanced Video Guidance Sensor (NGAVGS) was later introduced as a long-range
sensor for proximity operations and docking applications [13, 14]. The recent
research effort has announced the Smartphone Video Guidance Sensor (SVGS) as a
part of the ongoing research efforts in the development of various proximity
operation sensors by MSFC.
1.1.1 Electromagnetic Formation Flight
There are several relevant previous backgrounds on the development of EMFF
systems that can be briefly highlighted. In 2002, Sedwick investigated the feasibility
of relative control between an array of satellites using EM actuators, where early
models of EM dynamics based on magnetic dipole approximation were derived to
prove the concept of EMFF [6]. Later contributions in modeling the EM forces and
torques were also explored [15-17], which will be highlighted in chapter 6 of this
dissertation. Ahsun discussed a two-dimensional setup the general motion dynamics
of an EMFF system for n-satellite, where a nonlinear control method based on
potential function was investigated [18]. In addition, various control techniques for
EMFF system were also examined. Elias studied the stability and controllability of
open and closed-loop dynamics for two-spacecraft formation flying array, where
simulation results of linear control technique achieved promising performance for
future EMFF tests [19]. One of the early EMFF ground testbeds was designed using
superconducting coils and was introduced by Kwon and Sedwick [20]. The test setup,
seen in Figure 1-1, consisted of stationary and moving vehicles placed on a flat floor,
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where each vehicle was equipped with two orthogonally coils in addition to a reaction
wheel for position and attitude control.

Figure 1-1. First design of electromagnetic formation flight testbed [20].
A developed closed-loop system considered the far-field approximation for the
electromagnetic dynamics, where linear control method was applied to a linearized
model of the system. Experimental results demonstrate various maneuvers, such as
position hold and trajectory following, where their contributions led the first known
closed-loop control in a two-dimensional plane and three degree-of-freedom (3DOF) using the EMFF concept.
1.1.2 Resonant Inductive Near-Field Generation System (RINGS)
Recently, the RINGS system was introduced as part of collaborative efforts between
the University of Maryland, Massachusetts Institute of Technology, Aurora Flight
Sciences, and Defense Advanced Research Projects Agency [21, 22]. The system
serves as a proof-of-concept experimental testbed of two technologies in a single
platform. The main objectives of the system are demonstrating the capability of
EMFF as well as the ability to transfer power wirelessly between multiple satellites
4

in a 6-DOF microgravity environment. The experimental setup, conducted at the
MIT-SSL, as seen in Figure 1-2, consists of dual-vehicles of RINGS hardware that
navigate on a flat glass surface and operate on a frictionless two-dimensional
environment, thereby simulating the operation in reduced-gravity flights.

Figure 1-2. RINGS vehicles at the MIT-SSL [23].
The RINGS hardware has an electromagnetic actuator, where each vehicle is
equipped with a single coil that uses electric energy to energize it, and therefore a
magnetic field can be produced and interacted with another vehicle in a formation.
The electromagnetic actuation capability of RINGS enables the generation of
electromagnetic forces and torques on flying vehicles based on their relative position
and orientation. Thus, attraction, repulsion, and other maneuvers can be developed
using this synchronized alternating magnetic field actuation mechanism. The design
and development of the RINGS hardware are mentioned in further details by
Alinger’s thesis [23]. The RINGS coil, with an effective diameter of about 0.62 m,
is made of 6061 aluminum with 5 layers and 20 turns that are connected in series.
The alternating current generated by the coil has a commercially off-the-shelf Hbridge drive circuitry, where the coil is mainly powered by two 18 volts rechargeable
batteries made by DeWalt that are connected in series. This provides a maximum
current of about 18 Amps in the operation of an EMFF mode. A Hall Effect sensor
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is integrated in series with the coil to measure the applied current. Previous effort in
testing the operations of the RINGS was examined in a ground testing facility at MIT
as well as several experiments and science sessions onboard the International Space
Station (ISS) [21], which can be briefly highlighted in addition to the ground
assessment that was previously conducted by the Aerospace Systems and Propulsion
Laboratory at the Florida Institute of Technology (FIT-ASAP).
1.1.2.1

Previous Experimentation of RINGS hardware inside ISS

The operational phase of the RINGS project was tested in the ISS and was further
discussed in details by Hilton’s thesis [24]. In August 2013, a system checkout
session was performed to evaluate the functionality of the system in both EMFF and
Wireless Power Transfer (WPT) operations. During the WPT tests, both coils were
aligned with a separation distance of 0.5 m. Both RINGS systems were successfully
able to transfer power wirelessly with a power transfer efficiency of about 30%
between the transmitting and receiving coils. In the EMFF tests, a bug in the
firmware of the RINGS was identified, which fixed an issue related to maintaining
RINGS units synchronized. Thereafter, three science sessions, that went from August
2013 to July 2014, were later explored to mainly assess the operation of EMFF. The
objectives and outcomes of these science session tests can be summarized as follows:
•

The 1st science session mainly focused on open-loop testing to explore the
following:
o System identification tests were performed to extract some of the
physical properties such as the mass and inertia of the system, which
was later intended to be used for model verification and validation.
o Assessing the generated forces of SPHERES thrusters, where
thrusters impinged was detected with the clamps of the RINGS and
led to the loss of thrust force.
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o Testing EMFF in an open-loop configuration, which demonstrated the
ability of the system to produce electromagnetic forces and torques.
Both axial and shear configurations during this open-loop EMFF tests
successfully prove the high feasibility of the system to achieve
attraction and repulsions maneuvers.
•

The 2nd science session, that was later conducted on February 2014, aimed to
perform closed-loop EMFF maneuvers by utilizing two flying vehicles of
RINGS systems. The outcomes of this science session can be briefly stated
as follows:
o It was found that attempting to use two free-floating satellites for
performing a closed-loop EMFF control adds complexity to the
controlled system, which led to difficulties in gaining useful
experimental results.
o Stability of the attitude controller was not achieved due to the high
disturbances acting on the system by the electromagnetic torques that
were induced vie the RINGS coils.
o Also, a software bug was detected, which had affected the maneuver
for initial positioning phase during the closed-loop EMFF tests.
o Demonstration of an axial closed-loop EMFF test was not
accomplished.

•

The 3rd science session, that occurred on July 2014, tended to perform axial
closed-loop EMFF tests. To reduce the complexity of the system, the case of
one free-floating vehicle was considered, which was done using a tether that
restrained the motion of one vehicle relative to the ISS. In this science
session:
o Additional open-loop tests were initially performed for further model
verification, as experimental results obtained from the 1st science
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session suffered from a firmware error that yielded to prevent
obtaining a proper model validation.
o Similarly, the evaluated axial closed-loop EMFF tests were not
successfully accomplished for the case of one free-floating vehicle,
where invalid convergence in state estimation was found that
introduces errors in received data of the metrology system.
In summary, the 1st science session successfully achieved its objectives for system
identification tests as well as open-loop EMFF tests. On the other hand, both the 2nd
and 3rd science sessions encountered various difficulties to achieve axial closed-loop
EMFF tests.
1.1.2.2

Previous Ground Assessments of RINGS hardware in FIT

In addition to the previous assessments, ground testing to the operation of RINGS
was recently introduced at the FIT-ASAP [25]. The introductory framework aimed
to experimentally identify the causes that led to the failures observed during the
science sessions. The study concluded that several factors had major impacts on the
challenges that were found during the ISS tests, which can be briefly summarized as
follows. First, inconsistencies in metrology data due to ultrasonic blockage and
bouncing in the signals generated by the beacons system, that could be affected by
the enclosure of the RINGS.
In addition, thruster impingements were found in 4 out of the 12 thrusters of
SPHERES-RINGS system. An experimental characterization test was performed to
assess the loss in actuation forces, where reduction of available thrust force of about
75% was found in some of the affected thrusters due to the integration of SPHERES
with RINGS enclosure. This study also highlights the importance of achieving
accurate initial positioning maneuver between both SPHERES-RINGS vehicles prior
to the start of the closed-loop EMFF test as it ensures the systems operate within
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stable initial conditions. These presented issues of errors in the metrology data and
thruster impingements had significantly hindered the ability to perform a proper
initial positioning maneuver.
The follow-on work presented in this dissertation continues the ongoing assessments
of the RINGS hardware to discuss the great practicability of the system to
demonstrates its primary goals. To overcome some of the issues observed during the
previous ground assessments of RINGS regarding the metrology system, in this
dissertation, a vision-based positioning system called Smartphone Video Guidance
Sensor (SVGS) was integrated into the control loop of the EMFF controller that was
developed in this research. The SVGS was developed by NASA Marshall Space
Flight Center (MSFC) as will be introduced in chapter 3, which becomes a strong
alternative candidate for proximity operations of future formation flight, docking and
rendezvous space missions [26, 27].

1.2

Objectives

The goal of this dissertation is to demonstrate that EMFF can be utilized in order to
experimentally perform a formation flight between dual-vehicles using the
electromagnetic actuators of RINGS hardware and the introduced vision-based
metrology system called SVGS. In order to accomplish this primary goal, this
research is concentrated on achieving the following objectives:
•

Performing quantitative analyses and statistical assessments for a
Smartphone Video Guidance Sensor to evaluate its capability and accuracy
of being incorporated as the primary positioning system for a navigation and
flight formation between multiple flying vehicles.
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•

Developing a 3-DOF control system for autonomous navigation using the
SVGS-RINGS system, as well as performing a formation flight between
dual-vehicles based on a leader-follower formation architecture.

•

Demonstrating successful axial closed-loop EMFF maneuvers using RINGS
electromagnetic actuators.

1.3

Organization of This Dissertation

This section provides an overview of the organization of this dissertation, which
mainly consists of seven chapters that are outlined as follows:
•

Chapter 1 provides an introductory discussion about the motivation and
objectives of this dissertation as well as background about the satellite
formation flight and electromagnetic formation flight. It also introduces a
brief background about the RINGS system and previous EMFF
experimentations that were conducted using the RINGS hardware.

•

Chapter 2 introduces a design overview of the developed 3-DOF motion
platform, where both mechanical and electrical setups are delineated. Also,
communication protocols between several electric devices used in the
motion platform are highlighted. In addition, electrical and software
interfaces between the microcontrollers of the RINGS and the developed
motion platform are addressed.

•

Chapter 3 discusses quantification assessment methods that were performed
to the SVGS sensor. First, an overview of the SVGS system is shown.
Thereafter, experimental setups of linear and angular assessments tests are
explored, where statistical results of accuracy, resolution, and repeatability
of SVGS are identified.

•

Chapter 4 explores a preliminary work, that was achieved at an early phase
of this research, for the development of a closed-loop 1-DOF attitude control
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using the developed motion platform and a gyroscope in a flat floor setup. A
linear model of the rotational dynamics is extracted and refined using a
system identification technique, where various linear and nonlinear control
methods were investigated and compared.
•

Chapter 5 introduces a vision-based autonomous navigation of a singlevehicle using the SVGS and the developed motion platform. Planar motion
dynamics of a 3-DOF vehicle on a flat floor is derived, where an optimal
tracking control method and a state-estimator technique are designed and
experimentally verified. In addition, flying in a formation between dualvehicles is also illustrated. Experimental results of a leader-follower
formation architecture are presented, where different path following
maneuvers are conducted.

•

Chapter 6 addresses the far and near-field models of the electromagnetic
forces for EMFF vehicles, where a comparison between both models for the
RINGS electromagnetic actuator is shown. A phase plane analysis of the
electromagnetic forces for the RINGS hardware based on the far-field model
is presented to determine the overall controllability region of the nonlinear
system. A linearized model of the EM forces based on the far-field model is
obtained, where experimental implementation of an optimal linear control
technique is evaluated. In addition, developments of nonlinear controllers
were also studied, and experimental results of attraction-repulsion
maneuvers, in the form of step, pulse, and staircase maneuvers, were
analyzed.

•

In chapter 7, concludes the dissertation by providing a summary of
contributions of the work presented as well as recommendations for future
work of the progress in more complex EMFF maneuvers.
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CHAPTER 2
Experimental Design of 3-DOF Motion Platform
In this chapter, an overview of the development in designing a new 3-DOF motion
platform is discussed. The main objective of the developed motion platform is to
successfully interact with the RINGS hardware in order to provide additional
capabilities to the RINGS vehicles for upcoming EMFF tests. This chapter starts by
presenting an overview of the development of the experimental setup. Then, both
mechanical and electrical designs are stated. Software interface and communication
protocol between the developed motion platform and the RINGS microcontroller is
presented.

2.1

Design Overview

The RINGS hardware was preliminarily designed to be attached with a Synchronized
Position Hold, Engaged, Reorient, Experimental Satellites (SPHERES) as seen in
Figure 2-1. The SPHERES system was designed by the Space Systems Laboratory
at the Massachusetts Institute of Technology (MIT-SSL) [28], which adds various
capabilities and advantages to the operation of the RINGS. First, it allows allocating
the absolute position of the RINGS hardware within the workspace using the
SPHERES metrology system. In addition, it provides a proper initial position for the
RINGS formation flight maneuvers using the integrated gas thrusters in the
SPHERES satellite. Hence, certain initial positions for the start of the EMFF
maneuvers can be achieved. In addition, maintaining the remaining states controlled
during EMFF tests. It also provides communication between SPHERES and RINGS
microcontrollers, which enables the sending of control commands to the RINGS
units, as well as enabling data logging during the tests.
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Figure 2-1. RINGS units with SPHERES fitted at FIT [29].
During this research, access to the SPHERES satellite was not available; therefore,
the experimental work hereby presented aims to discuss the development of a motion
platform and its integration with the RINGS hardware. To prove the concept of being
able to achieve SVGS-based navigation between multiple RINGS hardware, the 3DOF motion platform was designed and built to merely provide an alternative system
that replaces the SPHERES satellite. This developed motion platform system was
integrated with RINGS system to deliver the following advantages and capabilities:
•

Enabling the SVGS-RINGS system to navigate on a flat-floor facility by
providing necessary actuation forces and torques through utilizing electric
ducted fans subsystem.

•

Allowing for the initial positioning of RINGS systems prior to the start of
EMFF ground tests.

•

Communicating with RINGS PIC-32 microcontroller for commanding EM
actuator as well as implementing control algorithms for closed-loop EMFF
tests.

•

Acquiring and saving data for later quantitative analyses.

•

Emitting a periodic infrared pulse, at a rate of 2 Hz, for EM synchronization
between both RINGS units.

•

Powering LED targets for SVGS system.
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•

Automating the operation of a frictionless environment, as well as providing
optical isolation for ground loop elimination between RINGS and motion
platform power supplies for safe operations.

Therefore, the following sections will present the mechanical and electrical designs
of the designed motion platforms that were built and fabricated for two RINGS units.

2.2

Mechanical Design

In this section, the mechanical setup for the design of the motion platform is
highlighted. Different versions of the motion platform were designed and fabricated,
which can be divided into the following two categories:
•

Early designs of the 3-DOF motion platform

•

The final design of 3-DOF motion platform

2.2.1 Early Designs
In the early designs, the motion platforms utilized electric ducted fans and servo
motors for additional actuation abilities that replaced the gas thrusters in the
SPHERES system. The directional fan subsystem of both designs (seen in Figure
2-2) controls the magnitude and direction of the generated thrust force.

Figure 2-2. CAD drawings for (a) previous, and (b) 2nd update designs of
directional fans subsystem.
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This has allowed controlling the RINGS position and attitude dynamics within a twodimensional setup. The first design, shown in Figure 2-2a, was previously developed
prior to the start of this research. It consists of two side directional fans that allow
providing torque to the system, as well as a single directional fan mounted on the top
of the platform. This directional fan controls both x and y-axes of the system. Figure
2-3 (below) shows the experimental setup of the RINGS system floating on a flatfloor setup, which was accomplished by integrating air bearings to the RINGS
experimental unit. This ensures that the system operates with minimum applied
friction.

Figure 2-3. Experimental setup of RINGS fitted with (a) 1st update, and (b) 2nd
update of the 3-DOF motion platforms.
Due to the noticeable inaccuracy of the servo motors and their significant delays,
controlling both x and y-axes with only one ducted fan was not sufficient and precise
during the preliminary experimenting tests. Therefore, the platform was modified
and redesigned such that it incorporates an additional directional fan that is mounted
in the middle of the structure as seen in Figure 2-2b (above). This design has allowed
15

decoupling the translational dynamics that existed within the previously designed
motion platform and thereby enables to control x and y-axes separately. The location
of the additional directional fan subsystem was crucial to be located as close as
possible to the center of mass for the RINGS system (as shown in Figure 2-4), and
therefore minimizing the coupling in the system dynamics associated with this
designed actuation mechanism. This design has achieved effective performance in
terms of controlling the planar dynamics of the system as will be demonstrated in
chapter 5.

Figure 2-4. Location of center of mass for the RINGS system.
2.2.2 Final Design
Due to the time delay that existed within the operation of the servo actuators, a
substantial decrease in the performance of the controlled system was found,
especially for controlling relative attitude between a formation of multiple RINGS
vehicles. This becomes a critical factor as maintaining both RINGS units aligned was
significantly crucial for the success of the EMFF tests, as will be discussed later in
chapter 6. Consequently, the design of the motion platform was undergoing new
modifications to overcome the issues observed during the experimental testing phase
with the previous editions. This 3rd updates design, seen in Figure 2-5a consists of
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eight fans, where the platform was built to be fitted within the RINGS housing as
seen in Figure 2-5b.

Figure 2-5. CAD models of the (a) 3rd update of the 3-DOF motion platform, and
(b) its integration with RINGS hardware.
In addition, this updated motion platform was the only system that was built to safely
interface and communicate with the RINGS hardware, as will be highlighted in the
following electric setup section. Figure 2-6 shows an overview of the actual
experimental testbed of a single SVGS-RINGS system floating on a flat-floor setup.
This was accomplished by using three New Way air bearing pucks attached to the
RINGS hardware and operates with a nominal pressurized air of 80 psi that ensures
the system operates with a minimum applied friction, and therefore simulates the
operation of a two-dimensional microgravity environment. Also, the LED target of
the SVGS sensor was integrated into this system.
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Figure 2-6. Overview of the actual experimental testbed of SVGS-RINGS system
equipped with the developed 3-DOF motion platform and a LED target.
2.2.2.1

Characterization of Thrust Force for Electric Ducted Fans (EDFs)

A characterization study was performed to obtain a relationship between the thrust
force generated by the ducted fan and the control input. Thus, an experimental testbed
was designed and implemented to evaluate the available thrust force of two different
models of electric ducted fans used in this research. Figure 2-7 shows the designed
and actual experimental testbeds.

Figure 2-7. CAD design (left), and actual 3D-print testbed (right) for electric
ducted fans test.
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A detailed view of the components in the testbed is also shown in Figure 2-8. The
experimental setup for the testbed consists of a load cell with a 1-Kg capacity. The
output of the load cell was being connected to a signal conditioner board that consists
of a Wheatstone bridge amplifier made by Calex company with a model number of
6202-502. Hence, the amplified signal of the load cell, in the form of an analog output
voltage, is being acquired by an Arduino Due board, and a data logger device was
used to acquire and save experimental data.

Figure 2-8. Overview of the experimental setup for EDF characterization test.
Figure 2-9 demonstrates the experimental results obtained, which increments the
value of the control input from zero up to 14, and simultaneously records the applied
force associated with the selected input vie the load cell. The value of the control
input determines the speed of the ducted fans, which eventually controls the amount
of thrust force produced. Thereafter, a fitted curve can be used to represent the force
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as a function of the control input. It can have the form shown below, where the fan
coefficient α𝑖 for i = 1, 2 equals to 0.085 and 0.121 for both types of ducted fans.
𝐹𝑎 = α𝑖 𝑢

(1)

Figure 2-9. Force characterization of electric ducted fan actuators.
A saturation function was added in all upcoming work presented in this research to
limit the speed of fans for a maximum control input of 10 for safe operation, as well
as limiting the generated forces to the desired magnitude of about 1 N. As can be
noticed, the force model based on the electric fan actuators is considered a linear
function although it might not be linear outside the studied range of control input.
This simplifies the dynamics of the system because this will not be the case once
implementing the EM actuator of the RINGS as the model of the EM forces will be
in a nonlinear form, and thus the control problem deals with a nonlinear system.
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2.3

Electrical Setup

The developed 3-DOF motion platform has several electric components, which use
different communication protocols and interfaces. This section focuses on
highlighting the electric connections and communication protocols of main devices.
First, ESC is discussed and thereafter both IMU and SVGS sensors are addressed. A
summary of the electric devices and their communication protocols can be seen in
Table 2-1, where various communication protocols were being utilized to
communicate successfully between all boards and the main microcontroller of the
motion platform. In addition, Figure 2-10 (below) shows an electric diagram that
displays in detail the connections between the main microcontroller, Arduino Due
board, and the remaining components such as the Inertial Measurement Unit (IMU),
SVGS system through the IOIO board, data logger board, and ESC. It also indicates
the necessary connection to enable the communication with the RINGS
microcontroller, PIC-32, through the UART-TTL to the RS323 logic level converter,
MAX-2323 board.
Table 2-1. Electric devices and their communication protocols.
Electric Device

Communication Protocol

IMU BNO055
IOIO board (SVGS)
Data logger board
RINGS microcontroller PIC-32
ESC
Relays

I2C
UART
SPI
UART-to-RS232
PWM
Digital Outputs
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Figure 2-10. Electric diagram of the 3-DOF motion platform (2 nd update).
22

As can be seen from the above electric diagram, the motion platform uses a 20v
DeWalt battery that has the capacity of 4.0 Ah to provide the necessary power for
the EDFs, as well as LED target for SVGS system. A dual channel high-speed logic
gate optocoupler (HCPL2631) was integrated into the system to eliminate loops in
grounds, and therefore physically separates the ground of the RINGS from the
ground of the high-power circuit of the motion platform. Another advantage of
employing the optocoupler, as illustrated in the electrical diagram, is that the voltage
level of a PWM signal generated by Arduino board changes from 3.3v to 5v, which
makes the PWM signal stronger in the presence of surrounding electric noises. In
this platform, two relays were also utilized to automate the operation of the EDF
actuators, as well as the LED targets. Figure 2-11 demonstrates an overview of the
primary electric devices used in the motion platform.

Figure 2-11. Overview of the electric devices in the 3rd update motion platform.
Note that, the main switch was integrated to enable manually switching the system
On or Off, and therefore safely powering the EDF actuators through the ESC. Other
electric devices such as the 12v voltage regulator and a normally closed one-way
electric solenoid valve were also used to automate the operation of air bearings.
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2.3.1 Electronic Speed Controller (ESC)
As mentioned previously, the actuators used to provide necessary forces and torques
to control and stabilize the RINGS units during EMFF maneuvers are electric ducted
fans (EDFs). In order to control the generated thrust force of EDF, a motor driver,
also called Electronic Speed Controller (ESC), was utilized to control the EDF. Thus,
the 3rd update of the RINGS 3-DOF motion platform has eight ESC units to drive the
eight EDF actuators. The ESC that was chosen is referred to as Talon 25, which are
made by Castle Creations company. The ESC can be driven by sending a Pulse Width
Modulation (PWM) signal with a fixed frequency of 50 H z. By controlling the width
of the PWM pulse, a PWM signal that various its duty cycle from 5% to 10% will
control the speed of the EDF from 0 to maximum, respectively. Figure 2-12 shows
an example of a PWM signal with a proper frequency that has a period of 20
milliseconds.

Figure 2-12. Proper PWM signal for the operation of ESC.
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The figure also highlights the 5% and 10% duty cycles that equal to 1 and 2
milliseconds. Note that, ESC requires an arming signal that needs to be sent directly
when powering up the driver, where an arming signal has to be a PWM signal with
a constant 5% duty cycle. Also, the ESC must be wired and connected to the EDF
unit to be able to trigger and arm the driver properly. The pulse amplitude of the
PWM signal was modified to 5v by the integration of the optocoupler. Although
ideally the ESC starts and stops the motor at the same duty cycle of the PWM signal,
it was found that each ESC driver slightly performs differently. Thus, the actual pulse
width values associated with starting and stopping the motor were found
experimentally for all 16 ESC units of both fabricated motion platforms. This was
later incorporated as constant offsets in the code development to operate fans
properly.
Table 2-2. Pulse width offset values for the operation of EDF
Digital
pin, #

Motion direction

12

RINGS-1

RINGS-2

Stop, 𝜇𝑠

Start, 𝜇𝑠

Stop, 𝜇𝑠

Start, 𝜇𝑠

Forward

1004

1010

1018

1020

11

Backward

1018

1020

1016

1020

10

Left

1015

1020

1020

1020

9

Right

1015

1020

1016

1020

8

CCW (left EDF)

1017

1020

1017

1020

7

CW (left EDF)

1018

1020

1004

1010

6

CCW (right EDF)

1017

1020

1017

1020

5

CW (right EDF)

1003

1010

1004

1010
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2.3.2 IMU: Gyroscope Sensor
Later in chapter 4, a closed-loop attitude control system was designed and built to
control the relative rotational dynamics of a RINGS unit. In order to do so, the
relative angular displacement and velocity of the RINGS were measured with an
IMU sensor (BNO-055) equipped with a gyroscope sensor. Thereby, providing the
essential control feedback signals for the attitude control system. The BNO-055
board communicates through an Inter-integrated circuit (I2C) serial communication
protocol that uses only two wires for serial clock (SCL) and serial data (SDA) to
interface with the Arduino board. The I2C bus has a master device, Arduino DUE,
and a slave device, BNO-055 sensor. The device address of the BNO-055 board in
this I2C bus is 0x28. Since I2C serial communication sends a byte or a sequence of
8-bits binary numbers at a time, the 16-bit resolution data of the gyroscope sensor is
being transmitted in two bytes known as the Most Significant Byte (MSB) and the
Least Significant Byte (LSB), which have the register addresses of 0x19 and 0x18,
respectively. The value of the 16-bit gyroscope has the structure shown in Figure
2-13, where bit-shift operations are used to construct the integer value of the
gyroscope data. A conversion factor is being used, where the final decimal value of
the gyroscope sensor in degrees per second unit can be found by dividing the integer
value by a factor of 16 or a factor of 900 for radians per second unit.

Figure 2-13. Structure of a 16-bit data of a gyroscope sensor.
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2.3.3 SVGS Interface with Motion Platform
The SVGS sensor was successfully integrated with the RINGS host computer.
Although Chapter 3 discusses the SVGS sensor with further details, this section aims
to highlight both electrical and software interfaces that were completed. This allows
to port and connects the SVGS sensor with the microcontroller board of the
developed motion platform.
2.3.3.1

Electric interface

In order to transmit data computed by the SVGS sensor to another system, an IOIOOTG board was utilized to allow for serial communication between the smartphone
and other devices through a UART serial interface. Figure 2-14 (below) shows a
schematic of the connections between the SVGS, IOIO, and an Arduino board
through a supported Bluetooth dongle. Upon starting the SVGS software, data of
SVGS is being transmitted through a Bluetooth connection, while it can also be sent
via a USB-to-USB connection. The Bluetooth connection, has an interference at a
2.4GHz frequency, allows for data to be transmitted remotely. This provides the
ability to perform relative navigation between two RINGS units, as will be discussed
later. SVGS data can be accessed by a UART serial communication with a default
57600 baud rate and a transistor-transistor logic (TTL) of a 3.3v voltage level which
is compatible with the Arduino UART ports. The serial bus of the UART connection
from the IOIO board also has a default transmitter data pin (Tx) of 14 and a receiver
pin (Rx) of 13.
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Figure 2-14: Schematic of connections between the SVGS and Arduino DUE.
2.3.3.2

Software interface

An Arduino code was developed to receive the serial income data from the SVGS
sensor. A received data packet of SVGS sensor consists of 32 bytes long (as seen in
Figure 2-15). This data packet has the values of all six position states in the form of
IEEE-754 single-precision floating-point format, which are:
•

Position in X, Y, and Z-axis.

•

Orientation about X, Y, and Z-axis.

Figure 2-15. SVGS 32-byte data packet structure.
Thus, the floating value of each state is represented by 4 bytes that has the structure
shown in Figure 2-16.
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Figure 2-16. Structure of a 32-bit data for a single state
As a result, applying the IEEE-754 standard format to convert the 32-bit binary
numbers into a floating-point number by the following form:
𝑋 = (−1)𝑠𝑖𝑔𝑛 (1 + 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ) ∗ 2(𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡−𝑏𝑖𝑎𝑠)

(2)

Where 𝑋 is the position data in a floating-point representation, the 𝑠𝑖𝑔𝑛 bit is the
binary number of bit-31. Also, the 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 is represented by 8 bits starting from
23-bit to 30-bit, where the biasing value equals to 127. Thereafter, the 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
represented by the remaining 23 bits that starts from 0-bit up to 22-bit. In addition to
the IEEE-754 format, another communication protocol that is being utilized by the
SVGS sensor is called a Serial Line Internet Protocol (SLIP). A SLIP protocol
ensures that a special operation is needed when an ending frame (0xc0), or an
escaping frame (0xDB) existed in the transmitted data. Therefore, the following two
operations are performed to the received bytes from 3-byte to 30-byte:
•

A hexadecimal value of 0xc0 is being replaced by 0xDB and 0xDC.

•

A hexadecimal value of 0xDB is being replaced by a 0xDB and 0xDD.

An example of a successfully acquired data is shown in Figure 2-17, which shows
the received data before and after implementing the SLIP framing in the serial
window of the Arduino software. Note that, data shown in the figure is received and
presented in hexadecimal format Figure 2-17a, while it is displayed in a decimal
format after applying the SLIP protocol Figure 2-17b.
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Figure 2-17. Acquired raw data of SVGS in Arduino serial port (a) Before, and (b)
after applying SLIP protocol.
Also, once implementing the SLIP framing to the income data packet and applying
the IEEE-754 floating-point format, the 4 bytes associated with each state can be
converted into a floating-point value. Figure 2-18 shows an example of a successful
conversion of data for three states (Position in X-, Y-, Z-axis), where data acquired
and printed in the Arduino serial monitor matches the data computed and displayed
by the SVGS app.

Figure 2-18. Successful data acquisition from SVGS to Arduino serial port.
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It can be noticed that the SVGS sends data at a desired rate, where it generates
invalid, or dump, values when no solution is available. Therefore, a modification to
the developed code was performed to eliminate and filter out invalid packets received
from the SVGS. Figure 2-19 (below) shows the result of the developed code in terms
of filtering out the unwanted packets received by the serial communication, where
only valid data are now displayed, and the floating-point values of the three linear
position states are also printed (as seen in Figure 2-19b).

Figure 2-19. Acquired SVGS data packets in a serial monitor for (a) unfiltered, and
(b) filtered data.
Eventually, all six states calculated based on SVGS sensor were successfully
acquired and exported to the main microcontroller of the motion platform. Although
only three position states are necessary for the relative navigation of RINGS system
in a flat floor facility, assessment tests performed to the SVGS sensor and discussed
in chapter 3 utilize all six position states.
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2.4

RINGS Interface and Communication Protocol

This section will focus on highlighting the electrical interface necessary to enable
communication between the microcontrollers of both the RINGS and the developed
motion platform. In addition, it will discuss the main structure and communication
protocol of the RINGS serial communication, which successfully permits for sending
effective control commands to control the operation of the electromagnetic actuator.

2.4.1 RINGS Electric Interface with Motion Platform
A serial communication in the form of UART was established to provide proper
communications between the RINGS microcontroller, PIC-32 board, and the
controller of the motion platform, Arduino DUE board. The serial communication of
RINGS uses an RS-232 protocol with a baud rate of 115,200 bits per second, while
the controller of the motion platform follows a TTL-based UART protocol with a
configurable baud rate. The following table highlights the differences in logic levels
between the RINGS’s RS-232 and Arduino UART protocols.
Table 2-3. Logic levels of different communication protocol.
Protocol (Board)

HIGH state

LOW state

TTL-UART (Arduino)

0v

3.3v

RS-232 (PIC-32)

+6v

-6v

As it can be seen, not only different voltage levels but also a logic inversion was
necessary to allow both systems to have the same serial communication protocol.
Thus, a logic level converter, MAX3232 board, was integrated into the system. An
overview schematic of the communication flow between the microcontrollers of
RINGS and motion platform can be seen in Figure 2-20. This connection was
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experimentally verified to confirm achieving a proper signal conditioning to the
serial communications of both microcontrollers.

Figure 2-20. Overview of Arduino and RINGS communication flow.
2.4.2 RINGS Communication Packet Structure
The RINGS’s firmware allows operating the RINGS’s system in one of the four
available operational modes. These modes are:
▪

IDLE mode

▪

EMFF mode

▪

WPT-Rx

▪

WPT-Tx

An operational mode can be selected by sending a serial data packet in a specific
format. This packet structure can be identified as seen in Table 2-4.
Table 2-4. Data packet structure for mode selection.
Byte-1

Byte-2

Byte-3

Byte-4

Byte-5

Byte-6

Byte-7

Byte-8

Byte-9

0xFF

0x02

Set
mode

0x00

0x00

Freq.
MSB

Freq.
LSB

0x0D

0x0A

Table 2-5 (below) presents the actual data packet for all four operational modes of
RINGS. It can be observed that byte-3 determines the operational mode. Also, bytes
6 and 7 set the frequency of the EM waveform. A hexadecimal value of 0x0053
equals in decimal to 83, which is the frequency of the EMFF mode in H z. Similarly,
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a hexadecimal value of 0x01CC equals in decimal to 460 that represents the
frequency value of the WPT mode.
Table 2-5. Actual data packet for RINGS’s modes.

Mode

Byte, #
1

2

3

4

5

6

7

8

9

IDLE

0xFF

0x02 0x01

0x00

0x00

0x00

0x00

0x0D

0x0A

EMFF

0xFF

0x02 0x02

0x00

0x00

0x00

0x53

0x0D

0x0A

WPT-Rx

0xFF

0x02 0x03

0x00

0x00

0x01

0xCC

0x0D

0x0A

WPT-Tx

0xFF

0x02 0x04

0x00

0x00

0x01

0xCC

0x0D

0x0A

In the EMFF mode, two important parameters must be identified and set accordingly
when sending the data packet command for the EMFF mode. These parameters are:
▪

Duty cycle percentage, and therefore RMS current.

▪

Phase delay.

These two parameters can be accessed by adjusting byte-4 and byte-5 of the data
packet for THE EMFF mode as can be seen in Table 2-6.
Table 2-6. Data packet structure for EMFF mode.
Byte1

Byte2

0x FF

0x03

Byte3

Byte4

D.C.

D.C.

MSB

LSB

Byte5

Byte6

Byte7

Byte8

Byte9

Byte10

Byte-11

Phase

0x00

0x00

0x00

0x00

0x0D

0x0A

Since the value of the duty cycle percentage various from 0 to 99, a least significant
byte (LSB) is sufficient to represent the value, thereby, byte-4 controls the duty cycle
percentage, which eventually controls the current applied to RINGS’s coil. To adjust
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the value of the duty cycle to the desired value, byte-4 in a hexadecimal format
follows the following relation:
(3)

𝑏𝑦𝑡𝑒4 = 2 ∗ 𝐷𝑢𝑡𝑦𝐶𝑦𝑐𝑙𝑒

Table 2-7 (below) shows a detailed example of a control command packet for the
EMFF mode. This includes the corresponding duty cycle and measured RMS current
for each command line.
Table 2-7. Data packet for EMFF mode and its corresponding duty cycle value.
Byte, #

Duty
Cycle,
%

Amp
turns,
At

1

2

3

4

5

6

7

8

9

10

11

0

0

0x FF

0x03

0x00

0x00

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

10

340

0x FF

0x03

0x00

0x14

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

20

650

0x FF

0x03

0x00

0x28

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

30

932

0x FF

0x03

0x00

0x3C

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

40

1168

0x FF

0x03

0x00

0x50

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

50

1370

0x FF

0x03

0x00

0x64

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

60

1537

0x FF

0x03

0x00

0x78

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

70

1663

0xFF

0x03

0x00

0x8C

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

80

1767

0xFF

0x03

0x00

0xA0

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

90

1836

0xFF

0x03

0x00

0xB4

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

99

1865

0xFF

0x03

0x00

0xC6

0x00

0x00

0x00

0x00

0x00

0x0D

0x0A

As a result, values of duty cycle from 0% to 99% can be selected to energize the
RINGS’s coil with different RMS current values. The corresponding RMS current
values were obtained from the integrated hall effect sensor on the RINGS hardware,
which enables to read the RMS current with respect to the corresponding duty cycle.
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Therefore, a fitting curve, that associates the duty cycle to the applied RMS current,
was extracted as seen in Figure 2-21.

Figure 2-21. Fitting curve for the duty cycle and RMS current.
This relation was essential to establish for the development of closed-loop EMFF
controller, as will be seen later, since the designed controller will compute the
optimal current to derive the trajectory of the system to the desired states. Thus, the
following relation can be utilized to convert a current value into a corresponding duty
cycle value. The 2nd degree, quadratic, polynomial which fits the experimental data:
𝐷. 𝐶. = 0.2𝑖 2 + 1.15𝑖

(4)

Likewise, byte-5 controls the phase delay of the AC waveform. A hexadecimal value
of 0x00 sets the phase delay to zero, while a hexadecimal value of 0xB4 sets the
phase delay to 180o. By controlling the phase between current waveforms of both
coils, in-phase and anti-phase EM waveforms can be developed; hence, attraction
and repulsion EM forces can be generated.
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By sending the serial data packet to the RINGS microcontroller, this allows
configuring critical variables in controlling the EMFF mode of RINGS, which are:
•

Duty cycle percentage, and thereby applied RMS current.

•

Phase delay.

This data information of the packet structure and values were successfully extracted
by analyzing the RINGS firmware and Matlab GUI, which were developed
previously to interact with RINGS hardware. By utilizing a serial analyzer to access
the outputs of the Matlab GUI for RINGS, all values of control command packet
were obtained. Note that the firmware and Matlab GUI versions used in this research
to extract the data packet structure are:
▪

RINGS’s firmware: v9.3

▪

RINGS Matlab interface: v3.0

2.4.3

Experimental

Evaluation

of

Electric

Connection

and

Communications
To test the electric connections and communication with the microcontroller of the
developed motion platform, current probes were used to measure the current
consumed from both RINGS batteries. Since most of the electric connections were
hidden inside the RINGS’s housing, only accessible connections were found between
the RINGS and DeWalt batteries. Thus, by placing the current probe around the
accessible wires of the batteries, the currents drawn from both systems can be
measured simultaneously by an oscilloscope (as seen in Figure 2-22), which gives
sufficient information for further examination regarding the operation of RINGS that
allow to compare both current waveforms and verify the effectiveness of the
commanded control packet in achieving alternating synchronized waveforms.

37

Figure 2-22. Setup for testing the RINGS communications.
The following Table 2-8 shows the two control command packets that were sent to
both systems during this test.
Table 2-8. Serial data packet format for the in-phase EMFF mode.

Mode

Duty
Cycle, %

EMFF-0
EMFF-180

Byte, #
1

2

3

4

5

6

7

8

9

10

11

10

FF

03

00

14

00

00

00

00

00

0D

0A

10

FF

03

00

14

B4

00

00

00

00

0D

0A

By sending the EMFF-0 data packet through the serial communication to both
microcontrollers of RINGS, both systems will have in-phase electromagnetic
waveforms. This was demonstrated by measuring the current consumed from the
RINGS batteries as seen in Figure 2-23. Likewise, by sending the EMFF-180
command to one of the RINGS microcontrollers, anti-phase between both
waveforms can be demonstrated (as shown in Figure 2-24). In-phase waveforms
represent the case of attraction forces, while anti-phase waveforms will generate
repulsion forces between coils. Notice that both waveforms have the same frequency
of 83 Hz as configured for the EMFF mode, which ensures the inductive coupling
between both coils.
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Figure 2-23. In-phase current

Figure 2-24. Anti-phase current

waveforms.

waveforms.

An Arduino code was developed, which enables for mode selection as well as
configuring the duty cycle percentage, and phase delay for the EMFF mode based on
the user input through the Arduino serial monitor. This code was later adapted for
the purpose of establishing a closed-loop EMFF test.
2.4.4 Synchronization of Electromagnetic Waveforms for RINGS
To synchronize waveforms of both RINGS coils, an external triggering IR pulse
signal must be generated at a regular basis. RINGS system utilizes nine IR sensors
that are connected in a daisy-chaining configuration. This connection allows for at
least one of the IR sensors to detect the income IR pulse, thereby, resetting the
waveforms of both RINGS at the same moment. This synchronization process was
crucial to ensure that both RINGS waveforms were kept synchronized during the
EMFF

maneuvers.

Operating both

systems

without

maintaining proper

synchronization of their EM waveforms will generate random forces between coils,
and thereby, will lead to unpredicted responses of both systems that are highly
undesired. Consequently, analyzing as well as testing the operation of the IR circuitry
of RINGS was critical in this research.
39

During testing the capability of achieving attraction and repulsion maneuvers in an
open-loop configuration, it was found that not all the conducted tests were
successfully reflecting the expected maneuvers. While sending attraction forces
commands to the coaxial coils, in the case of an in-phase waveform scenario, few
test iterations showed that the systems failed to demonstrate the commanded
maneuver and both systems moved away from each other instead of toward each
other. So, evaluating the output of the IR boards on RINGS was important in order
to assess the source of this erratic behavior that causes an issue to the reliability of
the system. Figure 2-25 shows the currents of both RINGS while operating in an
EMFF mode for a long duration with 10% duty cycle in both coils. By using an
external handheld IR source and manually triggering the IR sensors of both systems,
it was noticed that after few test iterations one of the RINGS units was no longer
capable of detecting any income IR pulse signal.

Figure 2-25. Highlighting the IR synchronization issue.
On the other hand, further test iterations show the successful operation of the IR
circuitry for both systems (as seen in Figure 2-26). The zoomed area plot emphasizes
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the effect of proper reception of IR pulse to synchronization of waveforms, where
both waveforms became aligned with minimum phase delay as desired.

Figure 2-26. Effect of simultaneously triggering both coils of RINGS hardware.
This random response of IR circuitry was also noticed by previous researchers who
worked in the development of RINGS [21]. A reliability issue in the operation of the
IR circuitry was also seen, which affects the synchronization of RINGS and limits
its capability to achieve in or 180 degrees out of phase syncing. Therefore, the IR
issue was closely inspected in this research to detect the source of the issue and
provide a potential solution.
2.4.4.1

A diagnostic test to RINGS IR circuitry

The IR board on the RINGS consists of an IR transceiver, model TFDU4101, as well
as dual AND logic gate, model 74HC2G08DP. To assess the reliability issue of
RINGS synchronization, an identical IR circuitry was built using the same
components existed on the RINGS, as seen in Figure 2-27.
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Figure 2-27. Test setup for a diagnostic test of IR transceiver.
The goal of this diagnostic test was to simulate the IR circuitry of RINGS and then
test it under the operation of the EMFF mode. By examining the actual IR circuitry
on RINGS, a possible source of the issue was found on the actual electric connection
of the board. A digital input pin, shutdown (SD) pin, was kept floating. A floating
digital input pin becomes highly sensitive and susceptible to surrounding electric
noises, especially in the presence of electromagnetic interference. By looking to the
actual electric connection of the IR board, the SD pin was not pulled to ground, as
seen in Figure 2-28.

Figure 2-28. Actual connections of RINGS IR board [23].
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Also, it was stated and recommended, by the datasheet of the TFDU4101 transceiver,
to properly ground the SD input pin when not being used. This will ensure that the
IR sensor remains active and electric noise will not affect the operation of the sensor.
Therefore, the approach used in this diagnostic test, to highlight the effect of having
a floating SD pin, can be summarized as follows:
▪

An IR circuitry with identical electric connections as found on the RINGS
hardware was built.

▪

A timing circuitry was developed to precisely generate an IR triggering pulse
at a fixed rate of 1 Hz.

▪

RINGS coil was energized and operated in the EMFF mode with a 50% duty
cycle during the test.

▪

The IR sensor was placed within close proximity to the active coil of RINGS.

▪

The output of the IR sensor was acquired and saved using an oscilloscope.

There are two cases that were explored in this investigation. First, the SD pin was
properly connected to ground during the test. Next, the SD pin was not physically
connected and kept floating. Figure 2-29 (below) shows the output of the IR sensor
for both cases. In the case of a grounded SD pin, the IR sensor was active, and the
sensor output captured the income IR triggering pulse (as seen in Figure 2-29a).
Nevertheless, when the SD pin was floating, an IR pulse was not captured. It was
noticed that the output of the IR sensor was also corrupted (as seen in Figure 2-29b).
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Figure 2-29. IR sensor output when (a) grounded SD pin, and (b) floating SD pin.
A detailed description that emphasizes the impact of the floating pin issue and its
effect on the IR sensor output is shown in Figure 2-30 (below). It can be seen that
the captured IR signal was initially at a level of about 5 volts, which indicates that
the sensor status is active and operates appropriately. Once the SD pin was in contact
with the RINGS’s housing or within close proximity to the developed
electromagnetic field by RINGS’s coil, the IR signal gets damaged as highlighted.
This damaged signal appears as a periodic signal that has the same frequency of the
EMFF mode. By moving the IR sensor away from the electromagnetic field while
the SD pin remains floating, the output of the IR sensor becomes inactive, at about
3.1 volts, due to the fact that the status of the SD pin remains at a High level.
Therefore, the sensor was deactivated, and no income IR pulse can be detected by
the transceiver.
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Figure 2-30. Overview of an IR output signal with a floating SD pin.
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CHAPTER 3
Accuracy Assessments of a Smartphone Vision Guidance
Sensor
This chapter focuses on evaluating the overall performance and accuracy of the
smartphone video guidance sensor. Initially, a brief background and overview of the
SVGS sensor are discussed in section 3.1. Thereafter, section 3.2 outlines the
experimental setup and process used to assess the performance of SVGS senor as a
state estimator in order to highlight the ability of the vision-based positioning system
to provide reliable and accurate position information necessary for the development
of flight formation controllers. Finally, results for statistical analyses are performed
to evaluate the estimation accuracy of SVGS sensor in terms of the mean and
standard deviation errors.

3.1

SVGS Overview

A significant amount of research interests is dedicated to the development of accurate
and robust positioning systems that can be reliably integrated for a system [30-32].
The Smartphone Video Guidance Sensor (SVGS) is part of the development at
NASA Marshall Space Flight Center (MSFC) to provide a low-cost, low mass, and
commercial off the shelf system that can allows the possibilities of formation flight
and navigating within proximity distance between small satellites; hence, permitting
CubeSats and other small satellites to perform flight formation and autonomous
rendezvous and capture (AR&C) maneuvers [26]. The existence of the SVGS came
after the successful development of one of the first autonomous rendezvous and
docking sensors, called Advanced Video Guidance Sensor (AVGS), which is capable
of computing positioning information of the full six-degree-of-freedom (6-DOF) in
the near range. The AVGS was effectively operated by the Defense Advanced
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Research Projects Agency (DARPA) Orbital Express mission [12], while further
developments to AVGS were also investigated to expand its capabilities for a longrange proximity operation [13, 14]. SVGS is a vision-based sensor that uses the flash
and camera of an Android-based smartphone to illuminate and capture location of
retroreflective targets mounted on the moving object.
Figure 3-1 (below) shows the basic operational concept of SVGS. By computing the
relative position and orientation between two spacecraft, the 6-DOF relative state can
be precisely estimated. The process of estimating and calculating the relative
positioning includes image capturing and processing. Then, extracting the relative
state using geometric photogrammetry techniques, where all image processing and
state estimation are performed onboard the smartphone. Thus, the computed relative
6-state can be used and integrated with other control systems to perform AR&C
maneuvers.

Figure 3-1. Basic operational concept of SVGS.
The implementation of SVGS with the RINGS system enables for an autonomous
navigation and formation flight in which it provides necessary relative positioning
feedback signals for the development of flight formation maneuvers.
3.1.1 SVGS Coordinate System and Targets
Since SVGS uses the camera of the smartphone for position estimation, Figure 3-2
shows the coordinate system of SVGS, which depends on the location of the
smartphone’s camera. The assessment tests, that will be shown later, for the linear
motion will evaluate the position estimation of the target motion in both y, and zaxes of SVGS. Likewise, angular motion tests will assess the roll-state of the SVGS.
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Figure 3-2. Coordinate system of SVGS.
Figure 3-3 shows three different types of SVGS targets that were investigated in this
study, which are denotated by R1, R2, and LED targets, respectively. Figure 3-3a
indicates the original dimensions of target holder R1, while Figure 3-3b displays the
smaller overall dimensions target holder R2. Both R1 and R2 are of the same type of
retroreflective targets. On the other hand, Figure 3-3c shows a LED-enabled version
of the SVGS targets. In both R1 and R2, SVGS software enables the flash of the
camera to illuminate the reflective targets pattern, while in the LED configuration,
SVGS software deactivates the camera’s flash. Different types of SVGS targets can
better suit different applications where the accuracy of each type is studied and
compared as will be shown later.

Figure 3-3. Different types of SVGS targets, where (a) original dimensions of
retroreflective target holder “R1”, (b) smaller overall dimensions of SVGS
retroreflective target holder “R2”, and (c) LED target.
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The following Table 3-1 indicates the dimensions of the three different SVGS targets
that were investigated in this study. Each target’s holder consists of four targets that
are identified as seen in Figure 3-3a. The table indicates the distance between the
target patterns from the center of the holder. It can be seen that R 2 has about a 70%
smaller overall dimension compared to the R1 target, while the LED target is about
60% smaller compared to the R1 target. Thus, the study will investigate the effect of
changing not only the overall dimensions but also the type of the targets in the
convergence, performance, and accuracy of SVGS.
Table 3-1. Dimensions for different SVGS targets.
Target Type
R1

R2

LED

Target #

X (m)

Y(m)

Z(m)

1
2
3
4
1
2
3
4
1
2
3
4

0
0
0
0.094
0
0
0
0.036
0
0
0
0.048

0.143
-0.143
0
0
0.041
-0.041
0
0
0.055
-0.055
0
0

0
0
0.051
0
0
0
0.022
0
0
0
0.037
0

3.1.2 Versions of SVGS Software
During the work presented herby, different versions of SVGS software were released
to evaluate the performance of the SVGS with the RINGS hardware. Table 3-2 shows
a comparison that summarizes the main advantages and disadvantages of different
versions of SVGS software, as well as their pros and cons that were found during
preliminary assessments over the course of this research.
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Table 3-2. A list of SVGS software versions evaluated in this research.
Software version
Original release: v1.0

1st update: v1.1

Pros
•
•
•
•

Stable
Retroreflective target
Update rate: 2Hz
Nexus s smartphone

•

•

Configurable
parameters
Retroreflective target
Update rate: 2Hz
Nexus s smartphone

•
•

Unstable
Software
bugs/crashes

Configurable
parameters
Retroreflective target
Update rate: 2Hz
Nexus s smartphone

•
•

Unstable
State value fluctuate

•
•
•
2nd update: v1.2

•
•
•
•

3rd update: v1.3

•
•
•
•
•

4th update: v1.4

5th update: v1.5

Cons

Stable
Configurable
parameters
Retroreflective target
Update rate: 4Hz
Nexus s smartphone

•
•
•
•

Stable
Configurable
parameters
Retroreflective target
LED target
Update rate: 4Hz
Nexus s smartphone

•
•
•
•

Stable
Retroreflective target
Update rate: 33Hz
S8 smartphone

•
•
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•

Hard-coded
parameters
Invalid convergence
in z-state (offset)

6th update: v1.6

•
•
•
•
•

Stable
Retroreflective target
LED target
Update rate: 33Hz
S8 smartphone

In order to highlight some of the issues encountered with early versions of SVGS
software, two different tests were conducted to simulate their operation in the case
of fixed and moving vehicles. The first test was performed by placing retroreflective
targets on the RINGS unit, while both the phone and the targets were fixed relative
to the ground. The primary purpose of this test was to observe the convergence in the
solution of the SVGS system, primarily due to the existence of other reflective
materials within the RINGS hardware that act as an external disturbance to the
operation of this vision-based system. Figure 3-4 (below) shows the results of the
roll-state for a static condition between early-released versions of SVGS.

Figure 3-4. Assessments to SVGS software versions for the static condition.
It can be seen that the original version, as well as the 2 nd and 3rd updates of the SVGS
software were able to converge to a valid solution and maintain at the same value for
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the roll angle, where no spikes or fluctuation in acquired signal occurred. This
indicates the successful performance of the evaluated versions for the fixed case test.
However, it was also noticed that the 1st update failed to converge for a valid solution,
in which the values for the roll angle fluctuated significantly affecting the overall
performance of this version in which the system becomes unstable.
Likewise, by assessing the convergence of SVGS for a dynamic condition, Figure
3-5 displays the acquired signals from the various release of SVGS. This test was
performed by holding the smartphone fixed while merely rotating the target by hand
in sinusoidal fashion. Although the v1.0, v1.2, and v1.3 versions of SVGS converged
adequately in the case of a fixed target test, it was found that the v1.2 was not stable
when a target starts to move. This has led to invalid convergence at some instances,
while a significant offset in the signal was also seen as indicated below.

Figure 3-5. Assessments to SVGS software versions for the dynamic condition.
Part of the instability within the SVGS solution, in the early 1st and 2nd updates, was
due to the external noises that existed in the background. It was realized that the
operating environment of the SVGS plays a significant role in the convergence of
the system. Since solution in SVGS purely relies on a properly allocating of the
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reflective targets, having other reflective materials within the range of SVGS could
substantially affect the performance of the sensor. Thus, other external reflective
materials add noise to the system in which it would affect the convergence of the
sensor. Figure 3-6 shows an example of having other illuminate materials, within the
RINGS hardware, that were picked up by the SVGS software.

Figure 3-6. Effect of external illuminated material on the operation of SVGS.
Later versions of SVGS software were robust in handling and filtering external
noises as well as operating reliably. Eventually, the upcoming effort will consider
testing the latest version of SVGS (v1.6) that supports the Samsung S8 smartphone
that is capable of having a nominal sampling time of 33ms and supports LED-enabled
version of SVGS.

3.2

SVGS-based State Estimator

The need for a sensor that not only computes the position but is also capable of
effectively estimating the velocity of a moving target is essential, especially for the
development of a full-state feedback system. This section is focused on exploring the
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accuracy of SVGS sensor in estimating both the position and velocity of a moving
target. Figure 3-7 (below) shows an overview of the test assessments that were
performed. The study includes an experimental analysis of both short and long-term
tests.

Figure 3-7. Test matrix of the SVGS accuracy assessments.
In short-term tests, the SVGS targets were moved in the form of a sinusoidal motion
for a single cycle. During this test, targets were moved in one axis at a time, while
remaining 5-DOF were maintained fixed. For linear motion, both x and z-axes of
SVGS were tested, while roll-state was also assessed for angular movement. This
was accomplished by utilizing linear and angular motion testbeds, as will be seen
later. Although most tests were performed for short-term testing, a long-term test was
also investigated to emphasize the high reliability of utilizing SVGS for a more
extended period which consists of 100 cycles.
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3.2.1 Linear Motion Assessments
In linear motion tests, SVGS smartphone was held fixed to the ground, while SVGS
targets were placed in a moving cart. By controlling the linear position of the cart
precisely, a given motion profile can be generated and then compared to the SVGS
output. Figure 3-9 and Figure 3-8 illustrate the schematics of the tests performed to
evaluate the SVGS linear motion for both x and z states, respectively.

Figure 3-8. Schematic of linear motion tests for the x-axis.

Figure 3-9. Schematic of linear motion tests for the z-axis.
Both figures highlight the differences in the test setups that were conducted. In the
x-axis test, the SVGS targets move parallel to the plane of the smartphone. However,
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for z-axis motion, the SVGS targets move perpendicular to the plane of the
smartphone as demonstrated below. Both linear tests have a sinusoidal motion profile
with a 1-meter peak-to-peak amplitude. Also, to analyze the effect of SVGS target’s
velocity on the SVGS performance, various motion frequencies for the sinusoidal
motion were studied, which include 0.2, 0.1, 0.05, and 0.008 H z.
The following Figure 3-10 demonstrates the experimental setup used to achieve
precise motion profiles using a linear motion stage. The motion stage consists of a
moving cart that is being controlled by a real-time system using LabVIEW software
and National-Instrument motion controller (NI-PXI-7350), which accurately drives
a belt-driven system that consists of a DC motor with a built-in high-resolution
encoder. Hence, providing an accurate reference signal of the actual motion of the
cart at a sampling rate of 100 Hz. Thereafter, this enables to compare both position
and velocity estimated by the SVGS sensor and the motor’s encoder.

Figure 3-10: Experimental setup for the linear motion tests (z-axis).
3.2.1.1

Linear Motion Assessments for x-axis

Although different motion profiles, that have various velocities, have been
considered and compared, as will be seen later in the results section, Figure 3-11
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presents a plot of the actual motion of the cart, by the encoder, and the SVGS position
estimation for the z-axis. The motion of the moving target, in the form of sinusoidal,
has a magnitude of 1 m with a frequency of 0.008 Hz. It can be noticed how accurately
the SVGS position estimation for the given motion in comparison with the actual
motion. Additionally, Figure 3-12 shows a histogram plot of the position error
between the moving cart and SVGS to indicate the relative error, where the majority
of the position errors fits within 1% of the range.

Figure 3-11. Actual and SVGS
position estimations (z-axis – 0.008
Hz).

Figure 3-12. Histogram plot of position
error (z-axis – 0.008 Hz).

Moreover, the SVGS-based linear velocity estimation for the given motion profile
was investigated. Figure 3-13 addresses a comparison between the SVGS-based
velocity estimation and the actual velocity of the moving target, where a digital lowpass filter was integrated to smooth the raw velocity data of SVGS. Although the
position estimation, shown previously, indicates a fairly accurate position estimation,
the SVGS-based velocity estimation, on the other hand, shows a noisy signal.
However, the overall velocity estimation remains within acceptable bounds and
predicts the actual velocity of the moving target with the presence of the noise.

57

Figure 3-13. Actual and SVGS
velocity estimations (z-axis – 0.008
Hz).

Figure 3-14. Histogram plot of velocity
error (z-axis – 0.008 Hz).

As mentioned earlier, this linear motion assessment test has investigated on the
influence of various motion profiles to study the effect of higher motion velocities
on the convergence of SVGS. Figure 3-15 shows another example of this test with a
0.2 Hz motion profile that allows capturing the SVGS performance in the case of
faster acceleration and deacceleration for the moving LED target. As clearly seen in
Figure 3-16, the larger position error is expected with a faster motion profile.

Figure 3-15. Actual and SVGS
position estimations (z-axis – 0.2 Hz).

Figure 3-16. Histogram plot of position
error (z-axis – 0.2 Hz).
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In the same fashion, the filtered linear velocity data based on SVGS estimation is
compared to the actual velocity of the moving cart (as shown in Figure 3-17). Note
that, a 0.2 Hz motion profile has a maximum linear velocity of 0.6 m/s, while a 0.008
Hz motion profile has a maximum velocity of about 0.027 m/s.

Figure 3-17. Actual and SVGS
velocity estimations (z-axis – 0.2 Hz).

Figure 3-18. Histogram plot of velocity
error (z-axis – 0.2 Hz).

Once again, this test was performed for both x, and z-axis as well as for various
motion velocities. For further details regarding all experimental results, refer to
Appendix A. For the long-term performance assessment, a 100-cycle test was
conducted as seen in Figure 3-19. This test emphasizes the reliability of the visionbased system, SVGS, to operate for a long duration. The two zoomed-areas, seen in
the same plot, focus on highlighting the SVGS estimation for the first and last cycles
of this test. The result indicates how SVGS was able to track a moving target for an
extended period of time and converges appropriately. Not only estimation of
position, but also the sustainability of the effective convergence was obtainable. This
was essential to address and take into account in this study, as SVGS performance
can be relied on to track a moving target for a long duration in order to provide
capabilities for navigation and flight formation for numerous applications.
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Figure 3-19. Long-term, 100 cycles, position performance of SVGS with zoomedin windows of the start and end of the test (z-axis – 0.2 Hz).
Similarly, the velocity estimation of SVGS during this long-term test can be seen in
Figure 3-20, as well as zoomed-in windows for the first and last few cycles of this
test.
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Figure 3-20. Long-term, 100 cycles, velocity estimation of SVGS with a zoomed-in
windows of the start and end of the test (z-axis – 0.2 Hz).

3.2.2 Angular Motion Assessments
Not only linear motion test but also angular motion test was addressed in this study.
This highlights the overall performance for orientation estimation of SVGS and
assesses the accuracy of the vision-based system to track a given angular motion
profile. This exploration was essential since SVGS is capable of computing both
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relative position and orientation simultaneously. Figure 3-21 demonstrates a
schematic of the approach used to conduct the experimental test.

Figure 3-21. Schematic of angular motion tests for roll-axis.
The experimental setup for the angular motion test consists of a turntable platform,
which was precisely controlled by a stepper motor. The testbed, seen in Figure 3-22a,
is equipped with 180 gear reduction; thus, providing an angular resolution of 0.01o.
The turn-table holds the SVGS targets, while the SVGS smartphone was placed fixed
2 meters away from the moving target (as shown in Figure 3-22c).
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Figure 3-22. Angular motion testbed, (a) CAD model, (b) actual platform, and (c)
overview of the experimental setup.
The experimental procedure for this test involves placing the SVGS smartphone and
targets 2-meters apart. By ensuring that the roll angle equals to zero at the start of the
test, both planes of the smartphone and targets are parallel. Likewise, x position was
initially equaled to zero to ensure that the camera of the smartphone was coaxial with
the center of the SVGS targets, while all other SVGS states remain fixed during the
test.
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Figure 3-23. Actual motion and
SVGS angular position estimation
(roll-axis).

Figure 3-24. Histogram plot of angular
position error (roll-axis).

Figure 3-25 displays the linear velocity estimation of the SVGS with the given
motion profile (seen in Figure 3-23), where a digital low-pass filter was also utilized.
The result indicates a less accurate angular velocity estimation of SVGS, where it
reveals an estimated signal that suffers from noise as well as errors compared to the
actual velocity of the target.

Figure 3-25. Actual velocity and
SVGS angular velocity estimation
(roll-axis).

Figure 3-26. Histogram plot of angular
velocity error (roll-axis).
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3.2.3 SVGS Sampling Rate
Another part of this study focused on the sampling rate of the SVGS. Latency in
vision-based systems is well known due to the intensive image acquisition and
processing required, where different researchers highlight the effect of latency and
speed of such systems [33, 34]. Many factors play a significant role in affecting the
sampling time of a vision-based system such as computational power, complexity of
the acquired image, and type of targets. A closer look at the sampling time of the
SVGS system can be seen in Figure 3-27. The plot on the left indicates the number
of samples that were taken versus the time it took between different samples, while
the figure on the right shows the histogram plot. Although this test was conducted
with an LED target and 0.2Hz motion profile for the z-axis, later in the results
section, the mean of SVGS sampling time with all three different targets and different
motion velocities were compared.

Figure 3-27. Actual sampling time of SVGS (left), and Histogram plot (right).
The varying sampling rate of SVGS makes it challenging to have a direct comparison
with encoder data for error analysis. Thus, an off-line data manipulation to the SVGS
data was performed to ensure the alignment of both SVGS and encoder readings in
the time domain. For this reason, a Dynamic Time Warping tool in Matlab Signal
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Processing Toolbox was used to provide equally spaced data points for both
measurement devices (as seen in Figure 3-28). As a result, the exact sampling rate
for both SVGS and encoder signals can be extracted as indicated in the zoomed area
for the figure below. It can be seen that encoder data is already acquired at fixed rate
100 Hz, while interpolation in time and space was performed off-line for SVGS data
to achieve a stream of time aligned data that share the same rate; hence, enabling for
a quantitative analysis to be explored for the computation of error statistics.

Figure 3-28. Aligned SVGS and encoder signals (left), and a zoomed area (right).
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3.3

Results of Accuracy Assessments

The results presented in this section compare all test assessments performed for the
SVGS with the Samsung S8 smartphone. This includes evaluating the performance
for the three different SVGS targets (R1, R2, and LED targets) as well as for various
motion velocities (0.2, 0.1, 0.05, and 0.008 H z) of the moving target. Results for both
linear and angular motion tests were obtained. The comparisons, in the form of a bar
plot, involve the mean values of positioning errors, where the error bars express the
standard deviation errors. Figure 3-29 and Figure 3-30 display the mean errors for
SVGS positioning estimations for the linear motion in both x and z-axes,
respectively.

Figure 3-29. Mean error with error bar
for standard deviation of linear
position in the x-axis.

Figure 3-30. Mean error with error bar
for standard deviation of linear position
in the z-axis.

It can be seen that the higher the motion frequency, which implies higher linear
velocity of the moving target, the greater the mean error for all types of SVGS targets.
However, it was also noticed that LED targets always have less mean errors
compared to retro-reflective targets. Similarly, Figure 3-32 and Figure 3-31 present

67

the mean errors in linear velocity estimations for the x and z-axis, where similar
observations were also found.

Figure 3-31. Mean error with error bar
for standard deviation of linear
velocity in the x-axis.

Figure 3-32. Mean error with error bar
for standard deviation of linear velocity
in the z-axis.

Figure 3-33 and Figure 3-34 examine the mean errors of the angular position and
velocity tests, respectively. These results for the angular motion tests show a
substantial advantage for the LED target in computing an accurate angular estimation
compared to the retro-reflective targets. A mean error of less than 0.25 degree for the
LED target compared to 1-degree error for the R1 target. Also, the effect of the
smaller overall size of the target’s holder is the emphasis, where R2 target has a
significant mean error for angular position estimation compared to the same type R 1
target.
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Figure 3-34. Mean error with error bar
for standard deviation of angular
velocity in roll-axis.

Figure 3-33. Mean error with error bar
for standard deviation of angular
position in roll-axis.

Furthermore, Figure 3-35 (below) shows a comparison of the mean of SVGS
sampling time for different motion profiles and SVGS targets. This assessment tends
to emphasize the dependence between different variables, such as target velocity and
type, to the convergence and sampling rate of SVGS. It can be seen that there is no
significant effect on different motion profiles to the sampling time across all types of
targets. However, it was observed that LED targets tends to converge faster and
therefore have a faster sampling rate compared to retro-reflective targets (R1, and
R2). This test was conducted with 35 milliseconds chosen as the default setting in the
SVGS software.
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Figure 3-35. Mean of SVGS sampling time for various SVGS targets.
Although the scope of this research focused on utilizing and implementing the SVGS
with Samsung S8 smartphone for all upcoming flight formation tests, it was also of
interest for future work to implement the SVGS software on another platform, such
as the INFORCE board. This allows future efforts to investigate the feasibility to
directly integrate the SVGS algorithm into other platforms that have high computing
capabilities, as well as access to a camera such as the ASTROBEE [35]. Therefore,
the test assessments introduced in this chapter were repeated for the INFORCE board
that runs SVGS software. For future reference, results for the performance and
accuracy tests of the INFORCE board are included also in Appendix A.
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CHAPTER 4
A Gyroscope-based Attitude Control
This chapter presents a preliminary exploration, that was achieved at an early phase
in this research, which focused on the design and implementation of different attitude
controllers using only a gyroscope sensor as the primary sensing device in the control
loop. The results presented hereby aim mainly to provide an introductory work prior
to the upcoming discussion of SVGS-based autonomous navigation in the following
chapter. In section 4.1, a mathematical representation of the rotational dynamics for
the system in the form of a state-space model is shown. Then, various designs of
linear and non-linear controllers were studied. In addition, experimental results
highlight the ability of the 1-DOF closed-loop system to track a set-point as well as
a time-varying trajectory using only a gyroscope sensor for relative rotation.

4.1

Attitude Dynamics of a Ducted-Fan Platform

4.1.1 State-Space Model of Rotational Dynamics
When operating the system with the developed ducted-fan platform, the RINGS unit
can be considered as a rigid body, where no deformation occurs within various parts
of the system. Thus, for a rigid body, rotational dynamics is a function of the applied
torque and the rate of change to the angular momentum of the system, which can be
expressed as follows:
𝑴 = 𝑯̇

(5)

Where 𝑯𝑐 is the angular momentum of the system about the center of mass (COM)
that can be expressed as a function of the mass moment of inertia 𝑰𝒄 about the COM
and the angular velocity vector of the system:
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𝐼11
𝑯𝑐 = 𝑰𝒄 𝝎 = [𝐼21
𝐼31

𝐼12
𝐼22
𝐼32

𝐼13 𝜔1
𝐼23 ] {𝜔2 }
𝐼33 𝜔3

(6)

Since the principal axis of the RINGS unit is aligned with the coordinates of the
system, thus the rotation of the system is about the principal axis will have the given
diagonal inertia matrix of the system:
𝐼1
𝑰𝑐 = [ 0
0

0
𝐼2
0

0
0]
𝐼3

(7)

Consequently, the rotational equation of motion for the system has the form:
𝑴 = 𝑰𝑐 𝝎̇ + 𝝎 × 𝑰𝑐 𝝎

(8)

The current experimental setup constrained the system for a planar motion of the
RINGS unit, where the system can only have rotation about the vertical axis to the
plane of motion. Hence, the rotational equation of motion for a rigid body in planar
motion can be simplified and expressed as:
𝑀3 = 𝐼3 𝜔̇ 3

(9)

Where 𝑀3 is the external applied torque, 𝐼3 is the inertia, and 𝜔̇ 3 is the angular
acceleration of the system about the vertical axis. In order to compute the external
torques applied to the system, Figure 4-1 (below) shows a schematic of a free-body
diagram for the RINGS unit equipped with the developed ducted-fan motion
platform.
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Figure 4-1. Schematic of applied forces for rotational dynamics.
Consequently, the external torques applied to the system about the COM can be
evaluated as follows:
𝑀3 = 2(𝑟𝐹 ∗ 𝐹𝑎 ) − 3(𝑟𝑓 ∗ 𝑓)

(10)

Where, 𝐹𝑎 is the applied force to the system generated by the EDF, which eventually
applies torque to the system. Also, 𝑓 is the frictional force developed due to the
friction between the three air bearings and the surface of motion. 𝑟𝐹 and 𝑟𝑓 are the
normal distance from the COM to the applied and frictional forces, respectively.
Thus, the rotational equation of motion can be for the system becomes:
𝜃̈ =

1
(2(𝑟𝐹 ∗ 𝐹𝑎 ) − 3(𝑟𝑓 ∗ 𝑓))
𝐼3

(11)

1

Where 𝑓 = 𝜇𝑁 is the frictional force developed between the air bearing and the
3

surface of motion, 𝑁 is the normal force, and 𝜇 = 𝛾𝜃̇ is the coefficient of friction for
the air pucks that’s generally expressed as a linear function of the angular velocity
of the system. A state-space model for a linear time-invariant (LTI) system with a
single input and multiple outputs has the following general form:
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𝒙̇ (𝑡 ) = 𝑨 𝒙(𝑡 ) + 𝑩 𝑢(𝑡 );

𝒚(𝑡 ) = 𝑪 𝒙(𝑡) + 𝑫 𝑢(𝑡 )

(12)

Where 𝑨, 𝑩, 𝑪 and 𝑫 are system, input, output, and feed-forward matrices,
respectively; therefore, the rotational equation of motion for the system can be
represented in a state-space form:
𝑥2
𝑓1 (𝒙, 𝑢)
𝒙̇ (𝑡 ) = {
} = { 1 ((2α𝑟 ) 𝑢 − (𝑟 𝑚𝑔𝛾)𝑥 )}
𝑓2(𝒙, 𝑢)
𝐹
𝑓
2
𝐼3
𝐲(𝑡 ) = {

𝑥1
𝑔1 (𝒙, 𝑢)
} = {𝑥 }
𝑔2 (𝒙, 𝑢)
2

(13)

(14)

Thereafter, applying linearization method, by using Taylor series expansion, and
neglecting the higher order terms, the linearized state-space model at the equilibrium
point can be obtained, where the matrices of the system 𝑨, input 𝑩, output 𝑪, and
feed-forward 𝑫 can be found as follows:
𝜕𝑓1
𝜕𝒇
𝜕𝑥1
𝑨= | =
𝜕𝑓2
𝜕𝒙 𝟎
[𝜕𝑥1

𝜕𝑓1
0
𝜕𝑥2
=[
𝜕𝑓2
0
𝜕𝑥2 ]𝟎

1
(𝑟𝑓 𝑚𝑔𝛾)]
−
𝐼3
𝟎

𝜕𝑓1
0
𝜕𝒇
𝜕𝑢
(
2α𝑟
𝐹 )]
𝑩= | =[ ] =[
𝜕𝑓2
𝜕𝑢 𝟎
𝐼3 𝟎
𝜕𝑢 𝟎
𝜕𝑔1
𝜕𝒈
𝜕𝑥1
𝑪=
| =
𝜕𝑔2
𝜕𝒙 𝟎
[𝜕𝑥1

𝜕𝑔1
𝜕𝑥2
1
=[
𝜕𝑔2
0
𝜕𝑥2 ]𝟎
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0
]
1𝟎

(15)

(16)

(17)

𝜕𝑔1
𝜕𝒈
0
𝑫=
| = [ 𝜕𝑢 ] = [ ]
𝜕𝑔2
0
𝜕𝑢 𝟎
𝜕𝑢 𝟎

(18)

Therefore, the linearized state-space representation of the system:
0
𝒙̇ (𝑡 ) = [0

0
1
𝑟𝑓 𝑚𝑔𝛾 ] [𝑥1 ] + [2α𝑟𝐹 ] 𝑢
−
𝑥2
𝐼3
𝐼3

(19)

0 𝑥1
][ ]
1 𝑥2

(20)

1
𝐲(𝑡 ) = [
0

4.1.2 Experimental System Identification of Attitude Dynamics
A system identification technique was performed to experimentally identify the
unknown parameters in the state-space model of attitude dynamics for the RINGS
testbed. This was achieved by knowing the structure of the state-space model of the
attitude dynamics as obtained in equation (19). Thus, applying a gray-box concept
by testing the system under a given test signal in an open-loop configuration to
extract the unknown parameters of the system. It’s important to highlight that a test
signal must be adequately chosen to accurately capture the overall response of the
system for different frequencies, which leads to better parameter convergence.
Accordingly, a time-varying sweep signal was applied as the input signal to the
system, which controls the speed if the ducted fans that eventually controls the
applied torque to the system. Figure 4-2 (below) displays the stimulus signal, in the
form of a chirp signal, that used as an input to the system. The chirp signal, or also
called the swept sine signal, has a frequency 𝑓(𝑡) that growths continuously and
linearly with time as shown:
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𝑓 (𝑡 ) = 𝑓0 + 𝑘𝑡

(21)

Thus, the rate of frequency change, also called chirpyness, can be expressed as:
𝑘=

𝑓1 − 𝑓0
𝑇

Where 𝑓0 and 𝑓1 are the initial and final frequencies, respectively, where 𝑇 is the
duration of the chirp signal to go from initial to final frequency. Therefore, a
sinusoidal linear chirp signal can be generated from the following function 𝑔(𝑥 ):
𝑘
𝑔(𝑥 ) = 𝐴 sin [2𝜋 (𝑓0𝑡 + 𝑡 2 ) + 𝜙0 ] + 𝛽
2

(22)

Where, 𝐴 is the amplitude, 𝜙0 is the initial phase, and 𝛽 is the offset of the chirp
signal. Accordingly, the following figure shows the generated chirp function for the
control input signal 𝑢(𝑡), where frequencies of interest have a range starting from 0
to 2 Hz, and duration of the test is about 2 minutes. The plot also indicates the pulse
width of the PWM signal for the corresponding control input.

Figure 4-2. Stimulus “Chirp” signal for system identification of RU rotational
dynamics.
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In this research, the System Identification Toolbox in MATLAB was utilized to
extract the unknown parameters of the system based on the experimental response of
the RINGS system. As a result, an estimated state-space model for the attitude
dynamics was evaluated, which can be expressed as:
𝑥̇
0
{ 1} = [
𝑥̇ 2
0

𝑥1
1
0
] [𝑥 ] + [
] 𝑢(𝑡 )
−0.009521 2
0.02374
𝑦 (𝑡 ) = [

0.5693 0 𝑥1
][ ]
0
1 𝑥2

(23)
(24)

The following plots demonstrate how accurate the extracted model in fitting the
estimated states of the system, where Figure 4-3 (below) demonstrates the estimated
“state-space” model has a fitting percentage of 96.4 % for angular displacement
estimation. Similarly, Figure 4-4 (below) shows that the estimated state-space model
has a fitting percentage of 88.6 % for angular velocity estimation. Accordingly, the
estimated model of the system was utilized for the development of the attitude
controller as will be discussed later.

Figure 4-3. Angular displacement
comparison of measured and simulated
models.

Figure 4-4. Angular velocity
comparison of measured and simulated
models.
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4.2

Closed-Loop Attitude Control System Background

This section serves as an introductory work for the development of a feedback
system. It discusses the design of different linear and nonlinear attitude controllers
using various control methods such as LQ-servo, PD, PID, and sliding mode.
Experimental results are also obtained and compared. A closed-loop control system
consists of a command signal (desired response) and a feedback signal (actual
response), where the algebraic difference between command and feedback is known
as the tracking error signal. The primary goal of a closed-loop controller is to
minimize this error by generating a “control effort” signal that drives the system (also
known as “plant”) to desired states. In the case of attitude control of RINGS, an IMU
sensor was initially used to provide the necessary feedback signals, in the form of
relative angular displacement and velocity. Figure 4-5 demonstrates a schematic of
the closed-loop block diagram for the attitude control, where it can be seen that
different configurations for the design of the controller block were implemented.

Figure 4-5. Schematic for a block diagram of a closed-loop attitude control system.
Different command signals were evaluated to show different kinds of attitude
maneuvers that demonstrate the capabilities of tracking maneuvers to a set point and
trajectory controls. The results shown in this study were obtained by testing
command signals that have an amplitude of 90 degree, which controls the attitude of
the system as seen in Figure 4-6.
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Figure 4-6. RINGS attitude with a command signal of (a) 0o degree, and (b) 90o
degree.

4.2.1 Implementation of an LQ-servo Controller For 1-DOF Attitude Control
After extracting an estimated state-space model for the attitude dynamics, a full state
feedback control schema can be investigated. Linear Quadratic Regulator (LQR)
controller is a full-state feedback controller that compute optimal control efforts to
regulate the states of the system. It’s widely utilized in modern control theory for
general stabilization problems in many applications [36-38]. The design of an LQR
closed-loop system relies on the availability of all states of the system to provide
essential feedback signals for the controlled system. Although the design of an LQservo controller is discussed in further details in chapter 5, preliminary work in
implementing this design of a tracking controller for 1-DOF attitude control was of
interest in this research. In controlling the relative attitude dynamics of the system,
all states are available to be used for feedback via the gyroscope sensor, which
permits for such an optimal controller to be implemented and studied. Therefore,
after evaluating the controllability and observability of the nominal system, an
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optimal controller, in the form of LQR, can be designed to stabilize and regulate the
states of the system. Since the design of an LQR controller mainly concerns
regulating the states of a system, there is a need to adapt the design methodology of
an LQR controller to address command following properties. This can be
accomplished by integrating the design of an LQR controller in a servo
configuration. An LQ-Servo controller is a modification to the LQR controller
problem to achieve command-following properties, where outputs of the system will
be tracked and derived to desired states. In a general LQR problem, the controller
utilizes a quadratic cost function that has the following generalized form:
∞

𝐽 = ∫ [𝒙𝑇 (𝑡 ) 𝑸 𝒙(𝑡) + 𝑢𝑇 (𝑡 ) 𝑅 𝑢(𝑡 )] 𝑑𝑡

(25)

0

The design parameters of the LQR controller are the state weighting matrix, Q, and
the control weighting matrix, R. Note that, the control weighting parameter, R, is a
scalar quantity for the RINGS attitude control since the system has only a single
input. In the LQR problem, understanding the significant role of the design
parameters, Q and R, in shaping the overall response of the controlled system is the
key to achieve the desired performance criteria. The main purpose of the state
weighting matrix, Q, is to penalize the states of the system to a certain degree. The
elements of the main diagonal in Q matrix contributes in penalizing individual states
in the system, where values of the diagonal elements contribute in penalizing
combination of the states. Similarly, the control weighting matrix, R, affects the
value of the optimal gain matrix, G. In general, a control weighting matrix can be
designed into two different configurations, which are cheap control and expensive
control cases. The cheap control case assumes that the control weighting is
insignificant compared to the state weighting, where the solution of the LQR problem
leads to high gain values and high bandwidth of the controlled system. This can be
useful to implement in a system when the control effort is available and affordable.
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On the other hand, an expensive control case assumes that control weighting is
significant compared to the state weighting; thus, LQR controller will generate less
control effort, which has lower gain values and lower bandwidth compared to the
solution of the cheap control case for the controlled system. A control input signal
𝑢(𝑡 ) of a LQ-servo controller has the form of:
𝑢(𝑡 ) = 𝐺𝑦 𝑒 (𝑡 ) − 𝐺𝑟 𝜃̇ (𝑡 )

(26)

Where the tracking error 𝑒 (𝑡 ) = 𝜃𝑑 (𝑡) − 𝜃(𝑡). Both 𝐺𝑟 and 𝐺𝑟 are the optimal gains
of the LQ-servo controller. Since this chapter acts as an introductory work for the
implementation of a feedback system, further details in computing these gains are
discussed later in chapter 5.
During the designing of the LQR controller, certain performance criteria were
identified. First, it was desired to have a critically damped response of the controlled
system, where the value of the damping ratio equals or close to 1. This will ensure
that the system will not have an oscillatory behavior, which eventually will lead to
driving the controlled system to the desired states (angular position and angular
velocity) without overshooting. Eliminating the response of the controlled system
from overshooting is an important performance criterion that is desired to achieve.
Likewise, the response of the controlled system is expected to have faster rising and
settling times, as well as minimum steady state error. All desired performance criteria
were considered during the development of the LQR controller. For that purpose,
different values of state weighting matrix (Q) were investigated. Table XX (below)
shows the effects of varying the state weighting matrix to the optimal LQR gain
matrix, locations of the closed-loop poles, and the damping ratio of the nominal
controlled system. For better visualization of the effects of varying the values of the
state weighting matrix Q to the overall response of the nominal system, Figure 4-7
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(below) shows a step response comparison of the nominal controlled system with the
selected design parameters of the LQ-servo controller.

Figure 4-7. Effects of varying state weighting matrix to the nominal response of the
system.
Different values of the state weighting matrix were examined, where it can be noticed
that adding more weight to penalize the second state of the system (angular velocity),
compared to the first state (angular displacement), helps to restrict the response of
the nominal system from navigating with a large angular velocity. Eventually, this
will lead to having a critically damped response without any oscillatory behavior. A
drawback of increasing the penalty to the velocity state of the system is that the
response of the controlled system will tend to be slower in terms of rising time, as
clearly demonstrated in the step response plot, which comes from the fact that the
developed LQR controller tries to restrict more the velocity state of the system and
having it bound to a certain degree. On the other hand, lowering the weight for
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penalizing the second state compared to the first state allows the controlled system
to navigate without any constraints to its angular velocity; thus, faster rising time and
response can be achieved, while increasing the chances of higher overshoot
percentage to the overall response. It can also be seen from the above table that the
value of the state weighting parameter matrix is essential to accomplish one of the
desired performance criteria. Therefore, the response of the controlled system can be
designed to be critically damped with a state weighting matrix of the following value:
𝑸=[

1 0
]
0 5

(27)

It can be noticed that a higher value was assigned to penalize the second state variable
of the system, which is the angular velocity state, compared to the first state variable
of the system. This will force the controlled system to restrict the angular velocity
state of the system and, therefore, achieve the desired performance criteria. Figure
4-8 (below) demonstrates the case of varying the control weighting parameter 𝜌,
while maintaining the same value for the state weighting matrix. A low value of 𝜌
leads to large values of optimal gains and therefore more control input is being
utilized to stabilize the system. On the other hand, using a large value of 𝜌 will lead
to low gains and as a result less control input. So, it is essential to tune the control
weighting parameter properly to design an effective controller in terms of energy
consumption.
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Figure 4-8. Effects of varying control weighting matrix to the nominal response of
the system.
As discussed previously, the proper selection of the values for the LQR design
parameters, Q and R, is crucial for achieving desired behavior for the controlled
system as shown in Figure 4-9. It can be seen that both simulated and experimental
responses show good tracking performance to a single square wave command signal,
where the designed criteria have been achieved.
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Figure 4-9. Simulated and experimental closed-loop attitude control of LQ-servo
controller.

4.2.2 Implementation of a PD Controller For 1-DOF Attitude Control
Another design of a controller that was studied is a simple proportional-derivative
(PD) controller. A control input signal 𝑢(𝑡 ) of a PD controller has the form of:
𝑢(𝑡 ) = 𝑘𝑝𝑒 (𝑡 ) + 𝑘𝑑 𝑒̇ (𝑡 )

(28)

Where 𝑘𝑝 and 𝑘𝑑 are the proportional and derivative gains. Figure 4-10 shows
various values of PD gains that were experimentally tested.
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Figure 4-10. Experimental attitude control of PD controller with different PD gains.
It can be seen that a PD controller with lower 𝑘𝑝 gain values was not able to achieve
a good tracking performance, where the tracking error is considerable large in such
scenarios. On the other side, a large value of 𝑘𝑝 gain will introduce chattering
behavior to the response of the system. As a result, tuning the gains of a PD controller
can achieve a very accurate result in terms of following the desired command signal
accurately and effectively, as seen in Figure 4-11. The 𝑘𝑑 gain enhance the transient
response of the system and allow to eliminate the response of the system from
overshooting.
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Figure 4-11. Simulated and experimental closed-loop attitude control of PD
controller.
Testing the controlled system with a different command signal is worth considering
to ensure designing a controller that has good tracking properties with time-varying
command signals; hence, it can be seen in Figure 4-12 that the developed PD
controller was tested to follow the desired time-varying trajectory. The results
demonstrate the existence of a steady-state error within the responses of the system
as seen in the tracking error plot (Figure 4-14).

Figure 4-12. Simulated and experimental closed-loop attitude control of PD
controller with a trajectory command signal.
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Figure 4-13. Control input signal of a

Figure 4-14. Tracking error signal of a

PD controller with a trajectory

PD controller with a trajectory

command signal.

command signal.

4.2.3 Implementation of a PID Controller For 1-DOF Attitude Control
It’s well-known in control theory that involving an integral term in the formulation
of a PD controller will form a PID controller that can, in general, handle a steadystate error within the response of the system. Therefore, development of a PID
controller was also considered in this study to show the capability of such a
recognized design of controller to track both set point and trajectory signals. A PID
control input using a PID controller has the following form:
𝑢(𝑡 ) = 𝑘𝑝 𝑒(𝑡 ) + 𝑘𝑖 ∫ 𝑒(𝑡 ) 𝑑𝑡 + 𝑘𝑑 𝑒̇ (𝑡 )

(29)

Figure 4-15 (below) shows how closely are the responses of the simulated and actual
systems to follow the given input. By utilizing the same values for the proportional
and derivative gains, one effect of introducing the integral term in the design of the
controller was the overshoot percentage exists within the responses. Although the
overshoot percentage is relatively small in magnitude, tuning the parameters of the
PID controller might eliminate it, while the rising time of the response might be
affected.
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Figure 4-15. Simulated and experimental closed-loop attitude control of PID
controller.
On the other hand, an advantage of the integral term can be seen clearly in the overall
tracking performance of the system for a given time-varying trajectory signal (as
seen in Figure 4-16). A clear demonstration of the enhancement for the output of the
controller to overcome the steady-state error that was observed within the response
of PD controller. Additionally, Figures (4-17 and 4-18) show the control input and
tracking error associated with the response of the controlled input with the developed
PID controller. The PID controller was able to reduce the tracking error to a lower
magnitude, where the error was less than 3 degrees for the attitude control. It can be
noticed that significant improvement to the tracking performance, compared with the
previous tracking error for the PD controller, was achieved.
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Figure 4-16. Simulated and experimental closed-loop attitude control of PID
controller with a trajectory command signal.

Figure 4-17. Control input signal of a

Figure 4-18. Tracking error signal of a

PID controller with a trajectory

PID controller with a trajectory

command signal.

command signal.

4.2.4 Implementation of a Sliding-Mode Controller For 1-DOF Attitude
Control
Some preliminary research efforts have been made towards the implementation of a
robust type of controllers such as a sliding-mode controller (SMC). This type of
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controller is well-known for the built-in robustness criteria in handling uncertainties
within the parameters of the system [39, 40]. There are many parameters of the
RINGS experimental unit that are not known exactly such as the inertia of the system
and the coefficient of friction between the flat surface and the air bearings. Also,
there were uncertainties within the model of the system as the estimated model has
modeling error percentage. Consequently, developing of such a controller that is
robust in terms of stabilizing the states of the system with the existence of
uncertainties in the model was worth investigating. Not only handling uncertainties,
but also achieving better tracking performance with following trajectory command
signals is another objective of developing a robust controller. The sliding-mode
controller can be designed, where the intermediate variable for the sliding line can
be defined as:
𝑛−1
𝑑
𝑠 = ( + 𝜆)
𝜃̃ = 𝜃̃̇ + 𝜆𝜃̃
𝑑𝑡

(30)

The tracking error 𝜃̃ can be defined as a function of the actual and desired angular
displacement state 𝜃̃ = 𝜃 − 𝜃𝑑 ; thus:
𝑠̇ = 𝜃̃̈ + 𝜆𝜃̃̇ = 𝜃̈ − 𝜃̈𝑑 + 𝜆𝜃̃̇

(31)

Selecting a nominal control input as:
𝑢̂(𝑡 ) = −𝑓̂ + 𝜃̈𝑑 − 𝜆𝜃̃̇

(32)

Thus:
𝑢̂(𝑡 ) =

𝐼̂3
1
( (𝑟𝑓 𝑚𝑔𝑏)𝜃̇ + 𝜃̈𝑑 − 𝜆𝜃̃̇ )
(167.6 𝑟𝐹 ) 𝐼̂3

Defining k by the gain margin approach:
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(33)

(34)

𝑘 = 𝛽 (𝐹 + 𝜂 ) + (𝛽 − 1)|𝑢̂|

Where 𝜆 and 𝜂 are the design parameters of the sliding-mode controller that have
been tuned properly to insure fast convergence of the system dynamics to the sliding
plane in a finite time. Additionally, maintaining the system along the sliding surface;
1

hence, by using the gain margin approach, defining 𝑏 = 𝐼 , where it has the following
3

bounds:
𝑏𝑚𝑖𝑛 ≤ 𝑏 ≤ 𝑏𝑚𝑎𝑥

(35)

the estimate 𝑏̂ can be defined as the geometric mean of b:
𝑏̂ = √𝑏𝑚𝑖𝑛 . 𝑏𝑚𝑎𝑥

(36)

𝑏

Also, 𝛽 = √ 𝑏𝑚𝑎𝑥 and F is bounded and can be defined as:
𝑚𝑖𝑛

𝐹 ≥ |𝑓 − 𝑓̂ |

(37)

Eventually, the control input 𝑢(𝑡 ) of the sliding-mode controller is:
𝑢(𝑡 ) = 𝑏̂−1(𝑢̂(𝑡 ) − 𝑘 𝑠𝑖𝑔𝑛(𝑠 ))

(38)

Therefore, by applying the designed controller to the actual system and testing
different values of design parameters of the sliding-mode controller, Figure 4-19
shows the simulated and actual responses of the controlled system that was tested
with various values of sliding-mode design parameters.
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Figure 4-19. Experimental closed-loop attitude control of Sliding-mode controller
with different sets of design parameters.
It is also important to highlight that even though responses of the actual system with
different sets of design parameters for the development of the sliding-mode
controller tend to achieve the primary goal of the designed controlled system in
which all have good overall tracking performance with the given trajectory command
signal, however, not all tested systems achieved effective designs of controller that
utilizes minimum control effort to drive the actual states of the system to the desired
states. Both Figures (4-20 and 4-21) show the effect chattering behavior within the
control input signal of the controller and also within the response of the system as
demonstrated in the tracking error plot. Nevertheless, Figures (4-22 and 4-23) show
the signals of the control input and tracking error in the case of a properly tuned
sliding-mode controller.
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Figure 4-20. Control input signal of a
SMC controller with a trajectory
command signal (untuned).

Figure 4-21. Tracking error signal of a
SMC controller with a trajectory
command signal (untuned).

Figure 4-22. Control input signal of a
SMC controller with a trajectory
command signal (tuned).

Figure 4-23. Tracking error signal of a
SMC controller with a trajectory
command signal (tuned).

On account of utilizing a proper set of design parameters within the development of
the sliding-mode controller, both good tracking properties and effective control input
signal for the design of controller can be achieved as seen in Figure 4-24.
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Figure 4-24. Simulated and experimental closed-loop attitude control of Slidingmode controller with a trajectory command signal.

4.2.5 Implementation of an Adaptive Controller For 1-DOF Attitude Control
Another controller worth considering is an adaptive controller. The adaptation law
within the design of the adaptive controller helps to adapt the control input of the
controller with the unknown parameters of the system [41]. This can have the
advantage of designing a robust controller for the attitude control of the RINGS
system in the presence of unknown parameter within the system to guarantees the
system stability; hence, development of adaptive controller is worth investigating.
To start with, using the defined tracking error equation (30) and the intermediate
variable equation (31), the intermediate variable can be written in the following form:
𝑠 = 𝜃̇ − 𝜃̇𝑟
Where:
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(39)

𝜃̇𝑟 = 𝜃̇𝑑 − 𝜆𝜃̃

(40)

As a result, the control input 𝑢(𝑡 ) of the adaptive controller can be expressed as:
𝑢(𝑡 ) = 𝑌𝑎̂̅ − 𝑘 𝑠

(41)

𝑢(𝑡 ) = 𝜃̇ 𝑎̂̅ − 𝑘 (𝜃̇ − 𝜃̇𝑑 + 𝜆𝜃̃ )

(42)

In addition, the adaptation law of the adaptive controller can be expressed as follows:
̇
𝑎̂̅̇ = −𝑃𝑌 𝑇 𝑠

(43)

𝑎̂̅̇ = −𝑃𝜃̇ (𝜃̇ − 𝜃̇𝑑 + 𝜆𝜃̃ )

(44)

Simulating the attitude control of the RINGS system with the designed adaptive
controller and comparing it with the response of the actual system in the case of
implementing different design parameters is seen in Figure 4-25.

Figure 4-25. Experimental closed-loop attitude control of Adaptive controller with
different sets of design parameters.
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Tuning the design parameters for the adaptive controller is essential to achieve better
tracking performance. In Figure 4-26 both the simulated and actual response of the
system were able to achieve good tracking properties. Also, both responses show
minimum steady-state error with the tested trajectory-type of the command signal.

Figure 4-26. Simulated and experimental closed-loop attitude control of Adaptive
controller with a trajectory command signal.

Figure 4-27. Control input signal of
an adaptive controller with a
trajectory command signal.

Figure 4-28. Tracking error signal of an
adaptive controller with a trajectory
command signal.
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Another study that was investigated is to test the robustness of the developed
controller to handle an external disturbance in the form of applied torque to the
system. Figure 4-29 (below) shows the response of the actual system tracking the
desired trajectory, while external torque was applied on different occasions (at 𝑡 =
45, 62, and 80 seconds). It can be seen that the controlled system was able to handle
this type of applied disturbance and stabilize the system about the desired states. It
was also noticeable that disturbance with a relatively large amplitude has resulted in
overshoot within the response of the system. One reason behind this is the selection
of the design parameters of the adaptive controller, where large values of the design
parameters led to have more aggressive design of controller in terms of the control
input signal.

Figure 4-29. Experimental closed-loop attitude control of Adaptive controller with
applied external disturbance.
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4.2.6 Comparison of a 1-DOF Attitude Controllers
In order to highlight the differences in the tracking performance between the
developed controllers, Figure 4-30 shows a comparison plot between the tracking
error of PD, PID, sliding-mode, and adaptive controllers for a time-varying command
signal in the form of sinusoidal. Likewise, the control input signals for the evaluated
controllers are shown in Figure 4-31 to highlight the effectiveness of the controllers.

Figure 4-30. Comparison of the actual
tracking error signals for different
attitude controllers.

Figure 4-31. Comparison of the actual
control input signals for different
attitude controllers.

Overall, it can be clearly seen that a simple PD controller was sufficient to track a set
of command signals that generally do not change with time. This type of controller
was effective for tracking a constant input signal in which they exhibit minimum
steady-state error within the response of the controlled system. On the other hand,
results of non-linear controllers, in the form of sliding-mode and adaptive controllers,
were also tested. The advantages of utilizing these types of robust controllers to
follow certain trajectories were demonstrated in minimizing a steady-state error,
while a proportional type of controller suffers from such an error with a time-varying
command. Thus, the development of more advanced types of controllers shows how
accurate and effective the developed controllers were in tracking the desired
trajectory.
99

CHAPTER 5
Vision-based

Autonomous

Navigation

and

Flight

Formation
This chapter discusses two main objectives: first, the development of a vision-based
position and attitude control for a single SVGS-RINGS system and second, the
demonstration of the feasibility of performing vision-based navigation for dual
SVGS-RINGS assemblies and achieving flight formation based on a leader-follower
architecture. All work presented in this chapter considered the developed 3-DOF
motion platform and the electric ducted fan subsystem for actuation capabilities.

5.1

Autonomous Navigation of Single-vehicle

This section will cover deriving the equation of motion for a two-dimension setup,
where an experimental system identification method was applied to extract system
properties as well as a refined state-space model of the 3-DOF system. In addition,
the design of an optimal controller in the form of LQG-servo. Finally,
implementation of the developed controller with the actual SVGS-RINGS system,
where experimental results of single-axis, dual-axis, and hold-position maneuvers
are presented.
5.1.1 Planar Motion Dynamics of a Ducted-fan Platform
Although rotational dynamics of SVGS-RINGS system was previously derived in
chapter 4, the emphasis in this section is dedicated toward the motion dynamics for
the system in 3-DOF. Thus, one of the primary objectives in this research is devoted
to the development of closed-loop 3-DOF control system; therefore, understanding
and computing the equations of planar motion for the system equipped with motion
platform was essential for the design of an optimal controller. Once again, the SVGS100

RINGS unit can be considered as a rigid-body, where no deformation occurs within
various parts of the system. For rigid-body dynamics, translational and rotational
dynamics can be found from Newton-Euler equations [42, 43] in which translational
dynamics can be defined as:
𝑭 = 𝑷̇

(45)

Where 𝑭 is the resultant external force applied to the system and 𝑷̇ is the rate change
of the linear momentum of the system. Similarly, rotational dynamics of a rigid body
is defined as a function of the applied moments 𝑴 and the rate of change in the
angular momentum 𝑯̇ of the system:
𝑴 = 𝑯̇

(46)

For a rigid-body rotating freely about the center of mass, both vectors of linear and
angular momentums can be addressed as 𝑷 = 𝑚𝒗 and 𝑯𝑐 = 𝑰𝑐 𝝎, respectively,
where 𝒗 is the linear velocity and 𝝎 is the angular velocity vectors of the system. For
a system of multiply degrees of freedom, matrix notation is preferred. Thus, the
general Newton-Euler equations can have the following form:
[

𝒎
0

0 𝒗̇
0
𝑭
]{ } = ( ) + (
)
𝑰𝒄 𝝎̇
−𝝎 × 𝑰𝑐 𝝎
𝑴

(47)

Where 𝒎 is the mass matrix, 𝑰𝒄 is the mass moment of inertia, 𝒗̇ is the linear
acceleration vector, and 𝝎̇ is the angular acceleration vector of the center of mass. A
schematic of the planar motion of the RINGS hardware in which the system has 3DOF can be seen in Figure 5-1, where translation motion in both X and Y axes as
well as rotational motion along the vertical Z axis are shown below.
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Figure 5-1. Overview of planar motion of RINGS hardware.
As discussed previously, for a planar motion case, rotation about the vertical axis is
only allowed. Therefore, angular momentum can be simplified into the form of 𝑯𝑐 =
𝑰𝑐 𝜃̇. Consequently, Newton-Euler equations for the 3-DOF system can be simplified
and expressed as:
𝑀𝑧
𝐼𝑧 𝜃̈
(𝑚𝑥̈ ) = ( 𝐹𝑥 )
𝐹𝑦
𝑚𝑦̈

(48)

Since the motion dynamics with the developed ducted-fan platform can be
considered as a decoupled system, thus Figure 5-2 shows a schematic of the forces
acting on the system in both x and y-axes.

Figure 5-2. Schematic of applied forces for translational dynamics in (a) x-axis, and
(b) y-axis.
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By combining the rotational dynamics equation obtained in Chapter 4, the planar
equation of motion in all 3-DOF can be then expressed as:
1
((2α𝑟𝐹 ) 𝑢𝜃 − (𝑟𝑓 𝑚𝑔𝛾)θ̇)
𝐼
3
𝜃̈
α
(𝑥̈ ) =
𝑢𝑥 − 𝑔𝛾𝑥̇
𝑚
𝑦̈
α
𝑢 − 𝑔𝛾𝑦̇
(
)
𝑚 𝑦

(49)

This equation of motion can be then expressed in the form of a state-space model for
a linear time-invariant system (LTI), with the following general form for a multiinput-multi-output (MIMO) system:
𝒙̇ (𝑡 ) = 𝑨𝒙(𝑡 ) + 𝑩𝒖(𝑡 )

(50)

𝒚(𝑡 ) = 𝑪𝒙(𝑡 ) + 𝑫𝒖(𝑡 )

(51)

Where the state variable vector 𝒙(𝑡 ) = {𝜃

𝜃̇

𝑥

𝑥̇

𝑦

𝑦̇ }𝑇 . The matrices

𝑨, 𝑩, 𝑪, and 𝑫 are system, input, output and feed-forward matrices for the state-space
model of the system, respectively. Hence, the equation of motion for the 3-DOF
system can be represented in a state-space form as follows:
𝑥2
1
((2α𝑟𝐹 ) 𝑢𝜃 − (𝑟𝑓 𝑚𝑔𝛾)𝑥2)
𝐼3
𝑥4
α
𝒙̇ (𝑡 ) = 𝒇(𝒙, 𝒖) =
𝑢 − 𝑔𝛾𝑥4
𝑚 𝑥
𝑥6
α
𝑢 − 𝑔𝛾𝑥5
{
}
𝑚 𝑦
𝐲(𝑡 ) = 𝒈(𝒙, 𝒖) = 𝒙(𝑡 )
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(52)

(53)

Thereafter, applying the linearization method, as introduced in chapter 4, the
linearized state-space model at the equilibrium point can be obtained, where the
matrices of the system 𝑨, input 𝑩, output 𝑪, and feed-forward 𝑫 can be computed as
follows:
0
𝜕𝑓1
𝜕𝑥
1
𝜕𝒇
𝑨= | = ⋮
𝜕𝒙 𝟎
𝜕𝑓6
[𝜕𝑥1

⋯
⋱
⋯

𝜕𝑓1
𝜕𝑥6
=
⋮
𝜕𝑓6
𝜕𝑥6 ]𝟎

𝜕𝑓1
𝜕𝑢
𝜃
𝜕𝒇
𝑩= | = ⋮
𝜕𝑢 𝟎
𝜕𝑓6
[𝜕𝑢𝜃

1

−

0

𝑟𝑓 𝑚𝑔𝛾

𝐼3

0
0
0
[0

𝜕𝑓1
𝜕𝑢𝑥
⋮
𝜕𝑓6
𝜕𝑢𝑥

0
0
0
0

𝜕𝑓1
𝜕𝑢𝑦
=
⋮
𝜕𝑓6
𝜕𝑢𝑦 ]
𝟎

0

0

0

0

0

0

0

0

1

0

0
0
1

0
0
0
0

1
𝜕𝑔1
0
𝜕𝑥6
0
=
⋱
⋮
0
𝜕𝑔6
⋯
0
𝜕𝑥6 ]𝟎 [0
⋯

𝜕𝑔1
𝜕𝑢𝜃
𝜕𝒈
𝑫=
| = ⋮
𝜕𝑢 𝟎
𝜕𝑔6
[𝜕𝑢𝜃

𝜕𝑔1
𝜕𝑢𝑥
⋮
𝜕𝑔6
𝜕𝑢𝑥

0
0

0
0

0

0

0

2α𝑟𝐹
𝐼3

0

0

0

0

0

α
𝑚

0
0

0

[ 0
𝜕𝑔1
𝜕𝑥1
𝜕𝒈
𝑪=
| = ⋮
𝜕𝒙 𝟎
𝜕𝑔6
[ 𝜕𝑥1

−𝑔𝛾 0

0
1
0
0
0
0

0

(54)

−𝑔𝛾]𝟎

(55)

0
0

α
𝑚 ]𝟎

0
0
1
0
0
0

0
0
0
1
0
0

0
0
0
0
1
0

0
𝜕𝑔1
0
𝜕𝑢𝑦
0
=
⋮
0
𝜕𝑔6
0
𝜕𝑢𝑦 ]
[0
𝟎

0
0
0
0
0
0

0
0
0
0
0
0]

0
0
0
0
0
1]

(56)

(57)

Consequently, the linearized state-space representation of the 3-DOF system can be
written as follows:
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0
0
0

𝒙̇ (𝑡) =

0
0
0
[0

1

−

𝑟𝑓 𝑚𝑔𝛾

𝐼3
0
0
0
0

0

0

0

0

0

0

0
0
0
0

1

0
0
0
0

𝐲(𝑡) =

5.1.1.1

−𝑔𝛾
0
0

2α𝑟𝐹
𝑥1
𝐼3
0
𝑥2
0
𝑥
3
0
𝑥4 +
0
0
𝑥5
1
0
{𝑥 }
−𝑔𝛾] 6
[ 0

0

0

0

0

0

0

0

α
𝑚
0
0

0

𝑢𝜃
{𝑢𝑥 }
𝑢𝑦

0

α
𝑚]

𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
]
{
1 𝑥6}

1

0

0

0

0

0

0
0
0
0

1
0
0
0

0
1
0
0

0
0
1
0

0
0
0
1

0
0
0
0

[0

0

0

0

0

(58)

(59)

Experimental System Identification of Translation Dynamics

A system identification technique was performed to experimentally identify the
unknown parameters in the state-space model of the 3-DOF motion dynamics for the
RINGS testbed. This system identification was achieved by recognizing the main
structure of the state-space model for the planar motion of RINGS assembly with the
developed 3-DOF motion platform. Thus, applying a gray-box concept by testing the
system under a given test signal in an open-loop configuration to extract the unknown
parameters of the system. It’s important to highlight that a test signal must be
appropriately chosen to capture accurately the overall dynamic response of the
system for various frequencies, which will lead to better parameter convergence and
more accurate model estimation for the system. Thus, a time-varying sweep signal
was applied as the input signal to the system, which controls the speed of the ducted
fans that eventually control the forces and torques applied to the system. The linear
chirp function 𝑓(𝑡 ) can be defined as seen below, where 𝑓0 and 𝑓1 are the initial and
final frequencies of the chirp signal. Also, the rate of frequency change is defined as
𝑘=

𝑓1 −𝑓0
𝑇

, where 𝑇 is the total duration of the signal:
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𝑓 (𝑡 ) = 𝑓0 + 𝑘𝑡

(60)

Figure 5-3 (below) displays the actual applied chirp signal as an input to the system.
The sweep signal has a frequency range starting from 0.1 Hz to 2 Hz, which examines
the desired frequency range for the motion of interest of the system with a total
duration of 10 s.

Figure 5-3. Actual test “sweep sinusoidal” signal for system identification.
A System Identification Toolbox in MATLAB was utilized to extract the unknown
parameters of the system based on the experimental responses of the system. Actual
measurements of the system during the test were obtained from the SVGS sensor. A
gyroscope sensor was also used to provide accurate angular velocity data. The
following two plots demonstrate how accurate the extracted model is in fitting the
estimated position and velocity states of the system for a single-degree-of-freedom
(x-axis). Figure 5-4 (below) demonstrates the estimated “state-space” model has a
fitting percentage of 97.9 % for position estimation of x-axis compared to the actual
response. Similarly, Figure 5-5 (below) shows that the estimated state-space model
has a fitting percentage of 83.1 % for velocity estimation of the same axis.
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Figure 5-4. Linear displacement
comparison of measured and
simulated models (x-axis).

Figure 5-5. Linear velocity comparison
of measured and simulated models (xaxis).

This procedure was performed for all three degree-of-freedom of the planar motion
dynamics, where fitting percentages of 97.2 % and 79.8 % to the estimated linear
position and velocity states of the system for a y-axis were achieved (as seen in
Figure 5-6 and Figure 5-7).

Figure 5-6. Linear displacement
comparison of measured and simulated
models (y-axis).

Figure 5-7. Linear velocity comparison
of measured and simulated models (yaxis).

107

Similarly, 96.4 % and 88.64 % fitting percentages were achieved for the estimated
angular position and velocity states of the system for rotational dynamics as
demonstrated in section 4.1.2. As a result, an estimated state-space model for all 3DOF motion dynamics of the RINGS motion platform was extracted, which can be
expressed as:
𝑥1
𝑥̇ 1
0
1
0
0
0
0
𝑥2
𝑥̇ 2
0 −0.009521 0
0
0
0
𝑥3
𝑥̇ 3
0
0
0
1
0
0
=
𝑥4
𝑥̇ 4
0
0
0 -0.03117 0
0
𝑥5
𝑥̇ 5
0
0
0
0
0
1
[
]
{
{𝑥̇ 6 }
0
0
0
0
0 -0.03238 𝑥6}
0
0
0.02374
0
0
0
+
0
0.00663
0
0
[ 0
0

0
0
𝑢1
0
{𝑢2 }
0
𝑢3
0
0.005813]

(61)

Likewise, the output equation of the estimated state-space model of the system:
𝑦1
0.5693
𝑦2
0
𝑦3
0
𝑦4 =
0
𝑦5
0
{𝑦6 } [ 0

0
0
0
0
0 𝑥1
1
0
0
0
0 𝑥2
0 2.14 0
0
0 𝑥3
0
0
1
0
0 𝑥4
0
0
0 2.145 0 𝑥5
0
0
0
0
1] {𝑥6 }

Where the state variables of the system are 𝒙(𝑡) = {𝜃

𝜃̇

𝑥

(62)

𝑥̇

𝑦

𝑦̇ }𝑇 . Once

again, the system is now considered as a multivariable system, or also called a MIMO
system, in which it has three inputs as well as six outputs that describe the full-states
of the system.
5.1.2 Design of LQG-Servo Controller
Because of the effort on extracting a reasonably accurate state-space model that
represents the planar motion of the system, the development of an optimal full-state
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feedback controller for the estimated linear system can be now attained. In this
section, the design of an optimal controller in the form of a Linear Quadratic
Gaussian (LQG) was analyzed and tested. An LQG-servo controller is one of the
most well-known optimal control techniques for stabilizing and controlling various
linear systems [44-46]. The formulation of the LQG-servo is derived from a modelbased compensator control method. The design of the LQG compensator has the
benefits of utilizing an optimal control technique in the form of a Linear Quadratic
Regulator to compute the optimal control input signal, as well as an optimal state
estimator in the form of a Kalman filter (KF) to refine states measurements and
provide optimal calculations of the states of the system, especially with the existence
of noise in the sensor data of the vision-based metrology system used in this research.
Due to the recognized principle of separation for control and estimation that exists
in the LQG design, the results of both LQR and KF techniques can be obtained
separately and then combined to form the overall response of the LQG controller.
Since this study focused on developing a tracking controller that allows the system
to track given reference inputs, formulation of an LQG-servo controller will be
considered; hence, this section will focus first in the design approach used for the
LQ-servo controller and then the design of the Kalman filter as discussed below.
5.1.2.1

Design of LQ-servo Controller

An LQ-servo controller is considered as one of the tracking controllers that is being
widely used for commonly linear systems. Formulation of an LQ-servo controller
enables the capability of a command-following performance for the system; thus, a
given applied input to the controlled system can be followed and tracked precisely.
This was necessary to achieve in order to demonstrate the effectiveness of the SVGS
sensor and the developed controller to perform navigation and path following as will
be seen later. The formulation of an LQ-servo controller is derived from an LQR
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problem, thereby, following the general approach of designing an LQR by defining
a cost function of the LQR controller, which has the following general form:
∞

𝐽 = ∫ [𝒙𝑇 (𝑡 )𝑸𝒙(𝑡 ) + 𝒖𝑇 (𝑡 )𝑹𝒖(𝑡 )]𝑑𝑡

(63)

0

By designing an optimal controller that considers minimizing the following quadratic
cost function:
∞

𝐽 = ∫[𝑞𝜃 𝜃 2 + 𝑞𝑥 𝑥 2 + 𝑞𝑦 𝑦 2 + 𝑞𝜃̇ 𝜃̇ 2 + 𝑞𝑥̇ 𝑥̇ 2 + 𝑞𝑦̇ 𝑦̇ 2 + 𝜌𝜃 𝑢𝜃2
0

(64)

+ 𝜌𝑥 𝑢𝑥2 + 𝜌𝑦 𝑢𝑦2 ]𝑑𝑡
Where the state variables of the system that were penalized by the cost function are
𝒙(𝑡 ) = {𝜃

𝜃̇

𝑥

𝑥̇

𝑦

𝑦̇ }𝑇 . Thus, defining the semi-positive definite state

weighting matrix 𝑸, which can be written as:
𝑞𝜃
0
0
𝑸 = 𝑵𝑇 𝑵 = 0
0
[0

0
𝑞𝜃̇
0
0
0
0

0
0
𝑞𝑥
0
0
0

0
0
0
𝑞𝑥̇
0
0

0
0
0
0
𝑞𝑦
0

0
0
0
0
0
𝑞𝑦̇ ]

(65)

Where, 𝑞𝒙(𝑡) is the value of the penalization weight to each state variable in the
system. The larger the value, the more penalization is anticipated toward the
corresponding state. Further study will demonstrate the effect of varying the
penalization weight in shaping the response of the controlled system. The 𝑵 matrix
can be also defined as the following square diagonal matrix:
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𝑵=

√𝑞𝜃

0

0

0

0

0

0

√𝑞𝜃̇

0

0

0

0

0

0

√𝑞𝑥

0

0

0

0

0

0

0

0

0

0

0

√𝑞𝑥̇
0

0

[ 0

0

0

0

√𝑞𝑦
0

(66)

√𝑞𝑦̇ ]

Likewise, the positive definite control weighting matrix, 𝑹, can have the following
general form:
𝜌𝜃
𝑹=[0
0

0
𝜌𝑥
0

0
0]
𝜌𝑦

(67)

By ensuring that the system matrix (𝑨, 𝑩) is stabilizable and (𝑨, 𝑵) is detectable, a
unique solution to the optimal control problem exists. First, performing the
controllability test, where a system is considered uncontrollable if any of its mode
satisfy the following relation:
𝒘𝑇𝑖 𝑩 = 𝟎𝑇

(68)

Likewise, the detectability of (𝑨, 𝑵) can be assessed by the observability test. An
observable system implies that the system is also detectable. Thus, a system called
unobservable if any of its mode satisfy the following condition:
𝑵𝒗𝑖 = 𝟎

(69)

Where 𝒗 and 𝒘 are the right and left eigenvectors for the system matrix 𝑨,
respectively. Since the system is found to be controllable and detectable, therefore,
a unique solution to the optimal control problem can be found using the Control
Algebraic Riccati Equation (CARE), which can be expressed as:
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𝑲𝑨 + 𝑨𝑇 𝑲 + 𝑸 − 𝑲𝑩𝑹−1𝑩𝑇 𝑲 = 𝟎

(70)

By utilizing the “lqr” function in Matlab, a numerical solution to the CARE equation
can be obtained, where the optimal gain matrix of the controller can be found from
the following relation:
𝑮 = 𝑹−1 𝑩𝑇 𝑲

(71)

During the designing of the LQR controller, specific performance criteria were
identified. First, it was desired to have a critically damped response of the controlled
system, where the value of the damping ratio equals or close to 1. This will ensure
that the system will have a minimum oscillatory behavior in the transient response,
which eventually will lead to driving the system to the desired states without
overshooting. Preventing the response of the controlled system from overshooting
was an essential performance criterion that was highly desired and considered during
the design of the controller. In addition, the response of the controlled system was
expected to have fast rising and settling times as well as minimum steady state error.
All desired performance criteria were considered during the development of the LQR
controller. To explore the overall response of the designed closed-loop controlled
system, a step command input, also known as step response, was investigated.
Various simulation scenarios were presented to demonstrates the procedure used to
shape the controller performance and achieve the desired performance criteria. The
simulation results, seen in Figure 5-8 and Figure 5-9 (below), highlight the effect of
varying the design parameters of the LQR controller, both state weighting matrix Q
and control weighting matrix R, respectively. The results presented show the process
of shaping the desired transient response of the controlled system for only one
degree-of-freedom (x-axis), where both plots offer a visualization of how various
values of design parameters of the LQR controller to affect the output response of
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the system during the examined step response. Note that, similar results were already
conducted for the rotational dynamics as shown in section 4.2.1.

Figure 5-8. Effects of varying state weighting matrix Q to the translational response
of the system.

Figure 5-9. Effects of varying control weighting matrix to the translational response
of the system.
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Table 5-1: Various values of state weighting matrix Q and the corresponding
closed-loop poles for the translational response of the system.
State weighting matrix

0
1 0
0 10
0

0 0 10,000
Q1 = 
0
0 0
0 0
0

0
0 0

0
1 0
0 10
0

0 0 5000
Q2 = 
0
0 0
0 0
0

0
0 0
0
1 0
0 10
0

0 0 1000
Q3 = 
0
0 0
0 0
0

0
0 0
0
1 0
0 10 0

0 0 100
Q4 = 
0
0 0
0 0
0

0
0 0

CL poles

0

0

0

0

0

0

100

0

0

10,000

0

0

0

0

0

0

0

0

100

0

0

5000

0

0

0

0

0

0

0

0

100

0

0

1000

0

0

0

0 
0 
0 

0 
0 

100

0 
0 
0 

0 
0 

100
0 
0 
0 

0 
0 

100

0 
0
0
0 
0
0
0 

1000 0
0 
0
100
0 

0
0 1000

𝑠1 = −12.01
𝑠2 = −0.45
𝑠3,4 = −0.41 ± 𝑗0.41
𝑠5,6 = −0.41 ± 𝑗0.41

𝑠1 = −12.01
𝑠2 = −0.45
𝑠3,4 = −0.34 ± 𝑗0.34
𝑠5,6 = −0.34 ± 𝑗0.34

State weighting matrix

0
1 0
0 10
0

0 0 1000
Q5 = 
0
0 0
0 0
0

0
0 0

0
1 0
0 10
0

0 0 1000
Q6 = 
0
0 0
0 0
0

0
0 0

CL poles

0

0

0

0

0 
0 
0
0
0 

5000
0
0 
0
1000
0 

0
0
5000

0

0

0

0

0

0




0
0
0 

10,000
0
0 
0
1000
0 

0
0
10,000

𝑠1 = −12.01
𝑠2 = −0.45
𝑠3,4 = −0.26 ± 𝑗0.20
𝑠5,6 = −0.26 ± 𝑗0.20

𝑠1 = −12.01
𝑠2 = −0.45
𝑠3,4 = −0.28 ± 𝑗0.16
𝑠5,6 = −0.28 ± 𝑗0.16

𝑠1 = −12.01
𝑠2 = −0.45
𝑠3,4 = −0.23 ± 𝑗0.23
𝑠5,6 = −0.23 ± 𝑗0.23

0

𝑠1 = −12.01

0
1 0
0 10
0

0 0 5000
Q7 = 
0
0 0
0 0
0

0
0 0

0

0

0

𝑠1 = −12.01

0

0

0

𝑠2 = −0.45




0
0
0 

50,000
0
0 
0
5000
0 

0
0
50,000

𝑠3 = −0.64
𝑠4 = −0.36
𝑠5 = −0.64
𝑠6 = −0.36

𝑠2 = −0.45
𝑠3,4 = −0.14 ± 𝑗0.12
𝑠5,6 = −0.14 ± 𝑗0.12

In addition, Figure 5-10 (below) shows the poles and zeros plot, where it
demonstrates the location of the closed-loop poles for the controlled system with the
associated state weighting matrix. A zoomed-area to the location of the dominant
poles can also be seen in Figure 5-11.
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Figure 5-10. Poles and zeros of the
system.

Figure 5-11. Zoomed-area of the
location for the dominant poles.

In general, an LQR controller tends to locate the real and imaginary parts of the
closed-loop poles of a system close or equal to each other. Hence, in most
applications, the controlled system can have relatively good performance criteria in
terms of a damping ratio, overshoot percentage, rising and settling times. Therefore,
it can be observed that the initial values of state weighting matrix tend to have a
damping ratio close to 0.7 for the controlled system. However, as discussed
previously, it was desired to have a critically damped response of a system when
controlling the motion of the RU. Thus, adding more weights to the velocity states
in the state weighting matrix will lead to minimizing the corresponding states from
moving freely. Consequently, a critically damped response can be achieved as seen
in the case of 𝑄7 . As also mentioned previously, increasing the control weighting
parameter 𝜌 corresponds to the expensive control case, where less control gain is
applied to the system. On the other hand, low values of control weighting parameter
𝜌 will have relatively large control gain. In general, small values of 𝜌 have
advantages in command following and disturbance rejection properties for a
controlled system in comparison to the expensive control case. Table 5-2 (below)
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shows the influence of the studied control weighting parameters to the location of
the poles and the optimal control gain matrix for the closed-loop system.
Table 5-2: Various values of control weighting matrix R and the corresponding
poles and optimal control gain matrix
Control weighting matrix

CL poles

Optimal gain matrix

𝑠1 = −0.45
10 0
0
𝑅 = [ 0 10 0 ]
0
0 10

𝑠2 = −3.77
𝑠3,4 = −0.23 ± 𝑗0.15
𝑠5,6 = −0.23 ± 𝑗0.15
𝑠1 = −0.45

5 0 0
𝑅 = [0 5 0]
0 0 5

𝑠2 = −5.36
𝑠3,4 = −0.28 ± 𝑗0.16
𝑠5,6 = −0.28 ± 𝑗0.16
𝑠1 = −0.45
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𝑠1 = −0.45
𝑠3,5 = −0.33

𝑠1 = −0.45
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G =  0
 0

𝑠2 = −38
𝑠3,5 = −2.31
𝑠4,6 = −0.32
𝑠1 = −0.45

0.01
0
0
𝑅=[ 0
0.01
0 ]
0
0
0.01

0

0

0

70.71 295.18

0

0

0

0

0

0

0
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G=0
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0
0 
 0
0
0
0
707.1 2320.2

𝑠2 = −120.17
𝑠3,5 = −7.37
𝑠4,6 = −0.32
𝑠1 = −0.45

0.001
0
0
𝑅=[ 0
0.001
0 ]
0
0
0.001

2.31

0
0
0 
1.41 3.23 0
G =  0
0 100 391.18 0
0 
 0
0
0
0
100 391.18

𝑠2 = −16.99
𝑠4,6 = −0.99

0.1 0
0
𝑅 = [ 0 0.1 0 ]
0
0 0.1

0
0
0
0 
0.45 1.07
G =  0
0
31.62 161.36
0
0 
 0
0
0
0
31.62 161.36

1
G = 0
0

𝑠2 = −12.01
𝑠4,6 = −0.36

0.5 0
0
𝑅 = [ 0 0.5 0 ]
0
0 0.5

0
0
0
0 
0.32 0.78
G =  0
0
22.36 126.85
0
0 
 0
0
0
0
22.36 126.85

0
0
0
0 
31.6 70.8
G =  0
0
2236.1 7156.6
0
0 
 0
0
0
0
2236.1 7156.6

𝑠2 = −380
𝑠3,5 = −23.33
𝑠4,6 = −0.32
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It is observed that decreasing the 𝜌 value will increase the relative stability of the
system by moving the closed-loop poles further to the left side of the imaginary axis,
which can be also seen in Figure 5-12 (below) that shows the location of the poles
and zeros on the s-plane plot. Correspondingly, a zoomed-area to the location of the
dominant poles is also displayed, as seen in Figure 5-13.

Figure 5-12. Poles and zeros of the
system.

Figure 5-13. Zoomed-area of the
location for the dominant poles.

Since the motion dynamics of the system is considered as a MIMO system, the step
response approach was also performed and evaluated for the remaining two degreeof-freedom (y-, and 𝜃-axis), where similar simulation results were extracted and
obtained to tune the controller to achieve the desired overall performance of the
controlled system. This was also experimentally verified as will be seen later in the
result section of the experimental tests. Therefore, the full state weighting matrix, 𝑸,
and control weighting matrix, 𝑹, of the LQR controller are:
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1
0
0
𝑸 = 103 ∗
0
0
[0

0
4
0
0
0
0

0
0
0
0
0
0
8
0
0
0 100 0
0
0
8
0
0
0

0.3 0
𝑹 = [ 0 0.6
0
0

0
0
0
0
0
100]

0
0 ]
0.6

(72)

(73)

It can be seen that larger weights were added to the penalization coefficients
corresponding to the velocity states of the system (𝑞𝜃̇ , 𝑞𝑥̇ , and 𝑞𝑦̇ ) to increase
restriction into the actual velocity of the system, and thereby prevent the response of
the system from overshooting. Ultimately, the optimal control gain matrix 𝑮 of the
designed LQR controller has the following value:
57.7 134.5
0
0
0
0
𝑮=[ 0
0
115.5 444.2
0
0 ]
0
0
0
0
115.5 448.8

(74)

To construct the design of a tracking LQ-servo controller from the LQR problem,
few variables can be introduced. First, the entire plant states of the system 𝒙(𝑡 ) can
be divided into plant output vector 𝒚𝑝(𝑡 ) and the remaining state vector 𝒙𝑟 (𝑡 ) that
can have the form:
𝒚𝑝 (𝑡 ) = 𝑪𝑝 𝒙(𝑡 ) = {𝑥
𝒙𝑟 (𝑠 ) = 𝑫𝑝 𝒙(𝑡 ) = {𝜃

𝜃̇

(75)

𝑦 }𝑇
𝑥̇

𝑦̇ }𝑇

(76)

Therefore, 𝑪𝑝 and 𝑫𝑝 matrices can be given as:
𝑪𝑝 = [

0 0
0 0

1
0
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0 0
0 1

0
]
0

(77)

1
0
𝑫𝑝 = [
0
0

0
1
0
0

0
0
0
0

0
0
1
0

0
0
0
0

0
0
]
0
1

(78)

First, applying decomposing to LQR gain in order to separate the gain matrix for the
tracking states, namely defined as 𝑮𝑦 , from the gain matrix of the regulated states,
which is donated by 𝑮𝑟 , where the gain matrix has the form of 𝑮 = [𝑮𝑦

𝑮𝑟 ]. Thus,

the LQR gain decomposing can be defined as the following:
0
0
𝑮𝑦 = [115.5
0 ]
0
115.5

(79)

57.7 134.5
0
0
𝑮𝑟 = [ 0
0
444.2
0 ]
0
0
0
448.8

(80)

Therefore, the values of the optimal feedback control vector 𝒖(𝑡 ) = {𝑢𝜃

𝑢𝑥

𝑢𝑦 }𝑇

for the LQ-servo formulation can be obtained from the following relation:
𝒖(𝑡 ) = 𝑮𝑦 𝒆(𝑡) − 𝑮𝑟 𝒙𝑟 (𝑡 )

(81)

Where the tracking error is defined as 𝒆(𝑡 ) = 𝒓(𝑡 ) − 𝒚𝑝 (𝑡 ), and the desired input
𝒓(𝑡 ) = {𝑥𝑑

𝑦𝑑 }𝑇 . Figure 5-14 shows a schematic of the block diagram for the

developed 3-DOF LQ-servo system, which was integrated and tested during the
experimental evaluation of the controlled system.

Figure 5-14. Schematic of the block diagram for the 3-DOF LQ-servo system.
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5.1.2.2

Design of Kalman Filter

In order to implement the developed full-state feedback control technique into the
experimental system, actual measurements of all state variables must be first sensed
and computed. Since the SVGS sensor provides only positioning information of
relative motion, velocity measurements were simply extracted by calculating the first
derivative of the position vector with respect to time. Thus, an approximation of
relative linear and angular velocities of the actual system was found. However,
dealing with a discrete-time system has introduced noisy estimation of velocity
signals, that sensitively affect the performance of the controlled system. Therefore,
a state observer schema, in the form of a Kalman filter (KF), was considered to
reconstruct and refine the velocity state estimations by utilizing both input and output
of the system; Kalman filter is a well-known method for state estimation and filtering
in control applications [47-49]. The built-in properties of the KF in the form of
robustness guarantee and nominal stability allow it to be integrated into a system as
a design methodology for a model-based compensator (MBC). In this section,
development of the KF as an MBC will be discussed in order for the developed fullstate feedback controller to use the refined and estimated states from the KF, rather
than the actual noisy measured states. By considering now a stochastic model of the
system, that is subjected to both process, and measurement noises, which are
independent of each other, a state-space model of the stochastic system can have the
following form:
𝒙̇ (𝑡 ) = 𝑨𝒙(𝑡 ) + 𝑩𝒖(𝑡 ) + 𝑷𝝃(𝑡)

(82)

𝒚(𝑡 ) = 𝑪𝒙(𝑡 ) + 𝜽(𝑡)

(83)

Where 𝝃(𝑡) and 𝜽(𝑡) are random noises due to process and sensor noises,
respectively. The process noise affects the dynamics of the system, where sensor
noise affects the output measurements. Since the system has a stationary random
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process, where statistical properties of the process and the measuring device are
constants and do not change with time, the case of a steady-state Kalman filter can
be considered. A special case of designing the KF problem was explored by
additionally adding a design parameter, 𝜇, into the KF formulation. This will act as
a tuning knob to shape the response of the KF and also enables to simulate and design
for the case of a noisy sensor of KF problem formulation as will be indicated later.
̂(𝑡 ), thereafter, the cost
By defining the state estimation error as 𝜺(𝑡 ) = 𝒙(𝑡 ) − 𝒙
function 𝐽 that is needed to be minimized can be also defined as the sum of error
variance, which is the trace of the error covariance matrix:
𝑛
2

𝑇(

𝐽 = 𝑡𝑟(𝚺) = 𝑡𝑟(𝐸 {𝜺(𝑡 )𝜺 𝑡 )}) = ∑ 𝐸 {(𝑥𝑖 (𝑡 ) − 𝑥̂𝑖 (𝑡 )) }

(84)

𝑖=1

Hence, by ensuring that (𝑨, 𝑷) is stabilizable and (𝑨, 𝑪) is detectable; thus, a unique
solution to the optimal filter problem exists by using the special case of the Filter
Algebraic Riccati Equation (FARE) that can be expressed as:
1
𝑨𝚺 + 𝚺𝐀T + 𝐏𝐏 T − 𝚺𝐂 T 𝑪𝚺 = 𝟎
𝜇

(85)

Where 𝚺 is the error covariance matrix. By solving for the FARE equation, a unique
solution of the optimal error covariance matrix 𝚺 ≥ 𝟎 can be found and used in
obtaining the KF gain matrix. In addition, a set of test assessments of the SVGS
sensor were performed, in a previous work by the authors, to identify and evaluate
the performance and accuracy of the SVGS sensor to compute the relative position
of a moving target that follows a known and predetermined motion profile. Results
of the evaluation tests revealed some of the important statistical measurements such
as the mean, standard deviation, variance and covariance. Subsequently, this allows
to extract information regarding the statistics of the SVGS sensor noise, which
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enables to experimentally identify the sensor noise covariance matrix 𝜣. The general
formula of the sensor noise covariance matrix has the following form:
(86)

𝜣 = 𝐸 {𝜽(𝑡 )𝜽𝑇 (𝑡 )}

𝜣=

𝜎𝜃2

𝜎𝜃̇ 𝜎𝜃

𝜎𝑥 𝜎𝜃

𝜎𝑥̇ 𝜎𝜃

𝜎𝑦 𝜎𝜃

𝜎𝑦̇ 𝜎𝜃

𝜎𝜃 𝜎𝜃̇
𝜎𝑥 𝜎𝜃

𝜎𝜃2̇
𝜎𝑥 𝜎𝜃̇

𝜎𝑥 𝜎𝜃̇
𝜎𝑥2

𝜎𝑥̇ 𝜎𝜃̇
𝜎𝑥 𝜎𝑥̇

𝜎𝑦 𝜎𝜃̇
𝜎𝑥 𝜎𝑦

𝜎𝑦̇ 𝜎𝜃̇
𝜎𝑥 𝜎𝑦̇

𝜎𝑥̇ 𝜎𝜃
𝜎𝜃 𝜎𝑦

𝜎𝑥̇ 𝜎𝜃̇
𝜎𝜃̇ 𝜎𝑦

𝜎𝑥̇ 𝜎𝑥
𝜎𝑥 𝜎𝑦

𝜎𝑥̇2
𝜎𝑥̇ 𝜎𝑦

𝜎𝑥̇ 𝜎𝑦
𝜎𝑦2

𝜎𝑥̇ 𝜎𝑦̇
𝜎𝑦̇ 𝜎𝑦

[ 𝜎𝑦̇ 𝜎𝜃

𝜎𝑦̇ 𝜎𝜃̇

𝜎𝑥 𝜎𝑦̇

𝜎𝑥̇ 𝜎𝑦̇

𝜎𝑦̇ 𝜎𝑦

(87)

𝜎𝑦̇2 ]

Diagonal entries in the sensor noise covariance matrix represent the variance 𝜎𝑥2𝑖 ,
while off-diagonal entries represent the covariance, 𝜎𝑥𝑖 𝜎𝑥̇ 𝑖 , between state variables.
These values were derived from the experimental tests that were performed in a
previous work to evaluate the accuracy of the SVGS sensor. Unit used for the angular
position state variable 𝜃 is radian, while unit used for the linear position state
variables 𝑥 and 𝑦 is a meter. Hence, the covariance matrix of the sensor noise, that
was used in the development of the KF, can be expressed as:
0.000027 −0.000003
0
0
0
0
−0.000003 0.000016
0
0
0
0
0
0
0.006
−0.0069
0
0
𝜣=𝜇
0
0
−0.0069 0.0552
0
0
0
0
0
0
0.0051 0.0003
[
0
0
0
0
0.0003 0.0405]

(88)

Similarly, the covariance matrix of the process noise, 𝚵, can be defined as:
1
0
0
𝚵 = 𝛹𝑰6 = 𝛹
0
0
[0

0
1
0
0
0
0
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0
0
1
0
0
0

0
0
0
1
0
0

0
0
0
0
1
0

0
0
0
0
0
1]

(89)

Where 𝜇, and 𝛹 are constants that were used as design parameters to shape the
performance of the developed model-based state estimator. A relatively small value
of the 𝜇 represents the case of an accurate sensor measurements, thereby, greater
values of the filter gain. Likewise, the case of a noisy sensor measurements can be
simulated and designed for by a large value of 𝜇. The values of these parameters
were selected as 1.6 and 0.01, respectively. Therefore, by solving the FARE equation
and obtaining the optimal error covariance matrix, the gain matrix of the Kalman
filter 𝐋 can be found by the following relation:
𝐋=

1 T
𝚺𝐂
𝜇

(90)

This was accomplished by using the “kalman” function in Matlab, thereby, the
optimal filter gain matrix 𝑳 that was derived from the formulation of the Kalman
filter problem has the following values:
0.0381 0.05
0
0
0
0
0.1088 0.998
0
0
0
0
0
0
0.1194 0.0346
0
0
𝑳=
0
0
0.494 0.2782
0
0
0
0
0
0
0.1188 0.0316
[ 0
0
0
0
0.281 0.2957]

(91)

̂ 𝑛 can have the
Therefore, the state estimation based on the designed Kalman filter 𝒙
following formula for a discrete-time system, which is based on the model of the
̂𝑛−1 and the
system as well as the knowledge of the past sensor measurements 𝒙
applied control efforts 𝒖𝑛 :
̂𝑛 = 𝑨𝑑 𝒙
̂𝑛−1 + 𝑩𝑑 𝒖𝑛 + 𝑳(𝒚𝑛 − 𝑪𝑑 𝒙
̂𝑛−1 − 𝑫𝑑 𝒖𝑛 )
𝒙

(92)

Where 𝑨𝑑 , 𝑩𝑑 , 𝑪𝑑 , and 𝑫𝑑 are the matrices for the discretized state-space model
based on a nominal sampling rate of 50ms. The discretization process to the model
of the system was performed based on the continuous-time modal and by using the
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̂𝑛 , based
“c2d” function in Matlab. Eventually, the estimated output of the system, 𝒚
on the developed state estimator can be found as:
(93)

̂𝑛 = 𝑪 𝑑 𝒙
̂𝑛
𝒚

Figure 5-15 shows a schematic of the block diagram for the developed LQG-servo
̂𝑝 (𝑡 ) = {𝑥̂
controller, where the estimated plant output vector 𝒚
̂𝑟 (𝑡 ) = {𝜃̂
estimated remaining state vector 𝒙

𝜃̂̇

𝑥̇̂

𝑦̂}𝑇 and the

𝑇

𝑦̇̂ } . Overall, improvement to

the performance of the controlled system with the integration of the KF was
significantly noticed as will be discussed in the upcoming results section.

Figure 5-15. Schematic of the block diagram for the 3-DOF LQG-servo system.

5.1.3 Experimental Results of Autonomous Navigation for Single-vehicle
The main goal of the designed LQG-servo controller was to demonstrate a decent
trajectory following property of the controlled system. This was a necessary stage to
attain in order to highlight the possibility of performing a navigation and flight
formation between multiple spacecrafts based on the vision-based system. In this
section, the experimental results of the previously developed LQG-servo controller
are presented. The results include motions of a single and dual-axis of the 3-DOF
system during a pulse command input. In addition, a hold-position maneuver with
externally applied disturbances was also conducted.
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5.1.3.1

Single-Axis Pulse Command Maneuver

Figure 5-16 demonstrates the time response of the actual developed 3-DOF closedloop system during a single axis maneuver, for both 2nd and 3rd designs of the
developed ducted-fan motion platforms. In this maneuver, the 𝑥-axis exhibited a
pulse command input, while the remaining 2-DOF (𝑧 and 𝜃) were maintained and
regulated at constant values of 1.5m and 0o, respectively. The pulse command signal
has a rising and falling steps at the 20s and 60s, respectively; also, the step’s
amplitude is 0.5m, which indicates the capability of the developed controlled system
to precisely track given command inputs for all 3-DOF utilizing the vision-based
SVGS system.

Figure 5-16. Time history response of a single-axis pulse maneuver for the 3-DOF
LQG-servo controller.
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Evidently, the 3rd update of the ducted-fan platform has enhanced the tracking
capabilities of the closed-loop system, especially for controlling the relative
orientation as can be clearly seen. This was accomplished as the time delay
associated with the rotation of the servo actuators has been eliminated with the newer
design of the motion platform. Furthermore, by examining the velocity estimated by
both SVGS sensor and optimal state estimator through the Kalman filter, a significant
improvement to the overall performance of the optimal LQG-servo controller was
seen during the experimental tests. These enhancements to the response of the
controlled system were attained by utilizing the estimated velocity states by the
Kalman filter.
Figure 5-17 (below) compares the velocity estimations from the raw data of SVGS
sensor and the Kalman filter. As can be seen in the figure (below), there are clear
differences in the velocity signals computed by both state estimators. The velocity
estimation based on the Kalman filter leads to smoother and less noisy velocity
signals in all 3-DOFs. This was significantly important since the design of the LQGservo controller expressively penalize the velocity states of the system, which led to
generate higher control gain values for the velocity states; therefore, the higher the
level of the noise in the estimation of velocity data, the more chattering behavior in
the optimal control signal was found, which tends to affect the control action of the
controlled system. Consequently, utilizing the Kalman filter to provide the optimal
state estimation for the velocity states of the system effectively improves and
enhances the control actions that drive the ducted fans, and thereby the generated
thrust forces and torques in the system.
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Figure 5-17. Estimated velocities by SVGS and Kalman Filter (single-axis pulse
maneuver).
5.1.3.2

Dual-Axis Pulse Command Maneuver

In addition to a single-axis maneuver, examining the response of the controlled
system during a dual-axis maneuver was also explored in this research. Figure 5-18
(below) shows the time response during this maneuver, which involves moving the
system in two axes simultaneously. This dual-axis maneuver consists of pulse
command inputs to both 𝑥, and 𝑧-axis. Both (rising and falling) steps of the command
signals occurred at the 20s and 60s with step amplitude of 0.5m and 0.3m,
respectively.
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Figure 5-18. Time history response of a dual-axis pulse maneuver for the 3-DOF
LQG-servo controller.
Similarly, Figure 5-19 compares the velocity estimations from the raw data of SVGS
sensor and the integrated Kalman filter. Tuning the Kalman filter experimentally has
achieved better performance of the developed state estimator. In this experiment, the
value of the design parameter 𝜇 = 1.6 was chosen, while the previous single-axis
pulse maneuver had 𝜇 = 1. This has enhanced the filtration process of the kalman
filter in which a larger value of 𝜇 will yield to the case of a noisy sensor in the
formulation of the filter, and therefore smoother signal.
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Figure 5-19. Estimated velocities by SVGS and Kalman Filter (Dual-axis pulse
maneuver).

5.1.3.3

Hold-position Maneuver with External Disturbances

The following Figure 5-20 shows a hold position maneuver in the presence of
externally applied disturbances. Four external disturbances 𝑑1 , 𝑑2 , 𝑑3 , and 𝑑4 , in the
form of external forces and torques, were applied during this hold position maneuver
at approximately 25, 34, 45, and 60 s, respectively.
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Figure 5-20. Time history response of a hold position maneuver for the 3-DOF
LQG-servo controller with applied external disturbances.
Likewise, the comparison in velocity estimation between the SVGS and the Kalman
filter for this maneuver can be seen in Figure 5-21. Note that, this experiment was
conducted using a value of 𝜇 = 1 in the design of the kalman filter although higher
values led to better estimation (as seen in Figure 5-19).
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Figure 5-21. Estimated velocities by SVGS and Kalman Filter (Hold-position with
external disturbances maneuver).
Overall, these experimental results, from the three maneuvers presented in this
section, provide valuable insight into the successful implementation of the developed
SVGS-based 3-DOF controlled system. It also highlights the capabilities of utilizing
such a vision-based system not only to compute relative position, but also an accurate
approximation of relative velocity with the integration of a state estimator schema.
This permits for the high feasibility of performing a navigation and flight formation
between multiple spacecrafts, as will be discussed in the following section.
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5.2

Autonomous Navigation of Dual-vehicles

This section reveals the design and experimental results of the flight formation for
the developed controller. Several path-following problems were introduced and
experimentally examined to highlight the capabilities of the SVGS positioning
system in providing necessary positioning information to achieve different flight
formation maneuvers based on a leader-follower formation architecture. Both first
and second path-following problems, presented in this section, involve motion of the
formation in coaxial and colinear maneuvers, while a third path following problem
demonstrates a combined motion case that involves both colinear and coaxial
maneuvers of the formation. Results presented in this section show actual trajectories
of both SVGS-RINGS assemblies to compare the overall motions of the formation
flight maneuvers.
5.2.1 Overview of Formation Flight and Path Following Problems
To demonstrate the possibility of performing an autonomous navigation and flight
formation between two vehicles using the proposed vision-based system in a twodimensional setup, Figure 5-22 illustrates a schematic of the approach used to
achieve autonomous navigation of both SVGS-RINGS vehicles.

Figure 5-22. Schematic of the navigation approach of both SVGS-RINGS
assemblies.
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In addition, Figure 5-23 highlights, in a CAD drawing, the experimental setup that
was later conducted. This setup consists of two RINGS units equipped with the
previously developed 3-DOF motion platforms as well as SVGS smartphones and
targets. As can be seen in the CAD drawing, the 1st SVGS smartphone was
maintained fixed relative to the ground, while the 2 nd SVGS smartphone was
mounted on top of the leader RINGS unit facing the follower RINGS hardware.
These configurations allow for both RINGS assemblies to be allocated and their
absolute positions with respect to the workstation can be estimated. Since the
experimental workstation has a dimension of 2.1 m×1.2 m, thereby all upcoming
maneuvers were considered to be maintained within the allowable space.

Figure 5-23. CAD drawing of SVGS-based navigation of both RINGS assemblies.
To explore the feasibility of achieving a flight formation based on the proposed
design, a defined path following problem can be seen in Figure 5-24. By introducing
a position vector analysis, the absolute position of both systems with respect to the
workspace can be determined and computed based on the SVGS system. This will
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enable the demonstration of a leader-follower formation flight maneuver between
both RINGS assemblies within the boundaries of the workspace, where the leader
RINGS can track a defined given path, while the follower RINGS attempt to follow
that path with a constant offset in the axial axis of about 0.8 m to keep a safe
separation distance and avoid collisions between RINGS hardware.

Figure 5-24. Path following formulation based on the location of SVGS systems
and RINGS assemblies.
To form the formation and develop the path following problem, the following set of
equations aimed to define the position vectors of both satellites relative to the
workstation; hereby, allowing the relative positioning system to allocate the absolute
position of the RINGS assemblies relative to the frame of reference of the
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workstation. Furthermore, this provides the necessary positioning signals for the
flight formation controller. Note that the position of the 1st SVGS smartphone is fixed
relative to the ground, and its position vector (𝑟⃑𝑠𝐴 ) can be defined as:
𝑟⃑𝑠𝐴 = 𝑥𝑠𝐴 𝑖̂ + 𝑦𝑠𝐴 𝑗̂

(94)

Where 𝑥𝑠𝐴 and 𝑦𝑠𝐴 are constants defined based on the fixed location of SVGS relative
to the origin; thus, the position of the leader satellite 𝑟⃑𝐴 can be also defined as
following:
𝑟⃑𝐴 = 𝑟⃑𝑠𝐴 + 𝑟⃑𝜌 = (𝑥𝑠𝐴 + 𝑟𝜌𝑥 )𝑖̂ + (𝑦𝑠𝐴 + 𝑟𝜌𝑦 ) 𝑗̂

(95)

Where 𝑟𝜌𝑥 and 𝑟𝜌𝑦 are the calculated position data for x and z states of the 1st SVGS,
respectively. Likewise, the position of the follower satellite (𝑟⃑𝐵 ) can be now also
found as:
𝑟⃑𝐵 = 𝑟⃑𝐴 + 𝑟⃑𝑒 = (𝑥𝑠𝐴 + 𝑟𝜌𝑥 − 𝑟𝑒𝑥 )𝑖̂ + (𝑦𝑠𝐴 + 𝑟𝜌𝑦 + 𝑟𝑒𝑦 ) 𝑗̂

(96)

Where 𝑟𝑒𝑥 and 𝑟𝑒𝑦 are the calculated position data for the z and x states of the 2 nd
SVGS sensor, respectively. As a result, initial positions of both leader and follower
RINGS assemblies can be computed using the SVGS system.
5.2.2 Experimental Results of a Flight Formation for Dual-Vehicles
To experimentally assess the capabilities of achieving an SVGS-based navigation
and flight formation between both RINGS assemblies, different predetermined path
trajectories were analyzed and tested. These predetermined paths consist of coaxial,
colinear, and combined maneuvers, where the leader satellite attempts to track a
predefined path. In the same time, the follower RINGS vehicle tends to trace the
leader’s path with a constant offset during the specified maneuver.
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5.2.2.1

1st Path-Following Maneuver: Coaxial Motion

The 1st path trajectory that was explored in this study involves a coaxial maneuver
between the master and follower RINGS assemblies. In this maneuver, the leader
RINGS was moved from the initial setpoint to the first waypoint and then returned
to the initial position as shown in Figure 5-25. During this maneuver, the follower
RINGS was kept colinear and coaxial relative to the location of the master with a
constant separation distance of 0.8 m.

Figure 5-25. Schematics of the 1st path following trajectory.

Figure 5-26. x-y plane trajectories of the 1st path controller.
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Figure 5-27. Time history responses of both leader (RINGS-1) and follower
(RINGS-2) systems for 1st path controller.
5.2.2.2

2nd Path-Following Maneuver: Colinear Motion

Figure 5-28 demonstrates the schematic of the 2nd path trajectory that was also
studied. This test includes a colinear maneuver between the master and follower
RINGS assemblies, where the leader RINGS was initially moved toward the follower
RINGS along the same central axis of both coils. Thereafter, the leader RINGS was
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returned to the same initial position, while the follower RINGS maintained a constant
separation distance during this maneuver.

Figure 5-28. Schematics of the 2 nd path following trajectory.

Figure 5-29. x-y plane trajectories of the 2nd path controller.
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Figure 5-30. Time history responses of both leader (RINGS-1) and follower
(RINGS-2) systems for 2nd path controller.
5.2.2.3

3rd Path-Following Maneuver: Combined Motion

A schematic of the 3rd path trajectory that was tested can be seen in Figure 5-31. The
predetermined path involves a combined motion, which will evaluate both coaxial
and colinear maneuvers. This allows the capability of the formation to demonstrate
complex maneuvers between leader and follower vehicles to be assessed. In this
combined motion case, the leader vehicle was first commanded to reach home
position. Once reached, a coaxial maneuver was initially made that moves the leader
vehicle to the 1st desired location. Upon reaching the 1st way-point, a colinear
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maneuver (2nd way-point) followed by a coaxial maneuver (3rd way-point) were also
performed in order to bring the leader vehicle back to the home position as indicated
below. The follower vehicle remains at constant position and orientation relative to
the leader during this test.

Figure 5-31. Schematics of the 3rd path following trajectory.

Figure 5-32. x-y plane trajectories of the 3rd path controller.
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Figure 5-33. Time history of SVGS-based navigation of both RINGS assemblies
(3rd path controller).
Another attempt of the 3rd path following maneuver was also performed and shown
below, which addresses the great repeatability of the developed controller.
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Figure 5-34. x-y plane trajectories of a 2nd attempt for the 3rd path controller.

Figure 5-35. Time history of a 2nd attempt of SVGS-based navigation for both
RINGS assemblies (3rd path controller).
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5.2.2.4

Results Discussion

The trajectories of the leader and follower satellites for all three maneuvers can be
seen in Figure 5-26, Figure 5-29, and Figure 5-32. It can be noticed that the leader
(1st RINGS) satellite was able to trace and have a precise track of the desired path
during the maneuvers. In similar fashion, the follower (2 nd RINGS) satellite was also
capable of maintaining a relatively good overall performance; however, the response
of the follower RINGS shows less accurate tracking performance and overshoot at
the edges of the commanded paths compared to the trajectory of the leader RINGS.
This does not necessarily mean that the actual position state of the follower RINGS
exhibits and suffers from these errors. The fact that the absolute position of the
follower RINGS was computed from the relative positioning state of the leader
RINGS has a significant influence. Since the position of follower was computed
purely based on the actual location of the leader, any tracking error exists in the
leader was thereby transmitted and amplified to the trajectory of the follower. This
can be clearly seen in Figure 5-27, Figure 5-30, and Figure 5-33 that show a time
history of the position trajectories for both leader and follower RINGS assemblies
during the evaluated leader-follower maneuvers.
Overall, the demonstrated leader-follower formation flight maneuvers were able to
prove experimentally the great abilities of the designed path-following controller,
SVGS, and the developed motion platform to follow accurately and effectively the
desired state. In addition, the reliability of the developed system was also disclosed
by the results of the repeatability test performed for the 3rd path-following maneuver
(as seen in Figure 5-34), which also reveal another important performance criteria to
ensure the stability of the system during the upcoming investigation for the
development of a closed-loop EMFF system.
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CHAPTER 6
Electromagnetic Formation Flight
This chapter demonstrates the design and experimental implementation of closedloop position control for electromagnetic formation flight vehicles using the
alternative actuation system of the RINGS hardware. The scope of this study focused
on demonstrating the feasibility of experimentally performing electromagnetic
formation flight maneuvers, in the basic form of attraction and repulsion, using two
units of RINGS hardware. Nonlinear dynamics of electromagnetic forces, based on
a far-field model, are highlighted and analyzed, where a phase plane analysis of the
system was conducted to determine the overall controllability region of the nonlinear
system. By using a Smartphone Video Guidance Sensor as a primary positioning
system, linear and nonlinear control techniques were successfully evaluated based
on the derived far-field model.
The developed controllers aim to control the planar motion of a moving vehicle
relative to a stationary vehicle in three degree-of-freedom two-dimensional setup. By
utilizing electromagnetic forces generated by the electromagnetic actuators of both
vehicles, results of 1-DOF position control of aligned coils were carried out, while
remaining 2-DOF of the moving vehicle were stabilized and controlled by integrating
additional motion platform into the system. Thus, controlling relative position and
attitude between both satellites using typical robust control methods such as linear
quadratic regulator, gain scheduling, and sliding mode. Various trajectory following
maneuvers were experimentally analyzed, where results of a step, pulse, and staircase
reference inputs are presented.
This chapter will begin with a brief overview of previous work in the development
of EMFF systems. It will then go on to introduce the Resonant Induction Near-field
Generation System (RINGS) testbed that was used in this research. The remaining
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part of this study proceeds as follows: a) describing the equation of motion of the
system based on the far-field approximation of the EM force model, b) studying the
behavior of the nonlinear system by examining the phase plane analysis, and c)
interduce the designs of linear and nonlinear control techniques for the RINGS
testbed. Finally, the experimental implementation of a closed-loop position control
system using EM actuators in a two-dimensional workspace was evaluated for dualspacecraft formations. The experimental results presented in this chapter demonstrate
the outstanding ability of the SVGS-RINGS system and the developed controllers to
perform various maneuvers, where successful tracking performance of step, pulse,
and staircase responses were attained. The experimental setup for all testing
maneuvers explored in this chapter includes both stationary and moving vehicles as
seen in Figure 6-1.

Figure 6-1. Overview of SVGS-RINGS assemblies.
As mentioned previously, the RINGS testbed consists of a resonant coil that runs at
a resonant frequency of about 84 Hz. Although RINGS hardware uses an alternative
actuation system to energize the coils with an alternating current, the Root Mean
Square (RMS) value was considered to provide the same effect of the equivalent
steady DC current value during the implementation of the developed controllers. The
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RMS value of the current is also one of the actual input signals to operate the
hardware alongside with the commanded phase delay and the frequency of the
desired AC signal. Thus, designing controllers that can handle uncertainties exist on
the actual current applied to the system will also be considered. Another critical input
to the actual system is the phase delay. By controlling the phase delay in the AC
signals of both RINGS units as illustrated in section 2.4.3, attractive and repulsive
EM forces can be developed. An in-phase signal will cause to develop an attractive
force, while an anti-phase signal produces a repulsive EM force between both coils.
Furthermore, for an alternating electromagnetic actuator, the average disturbance
forces and torques caused by the earth magnetic field can be eliminated, where this
becomes true with a reasonably fast frequency of alternating current applied to the
coils and relatively constant earth’s magnetic field for the period of oscillation [50].
This simplifies the design of the controller in which less external disturbance forces
are expected to act on the system, and thereby fewer forces can be generated to
control the system; however, it adds another challenge of ensuring a proper
synchronization between energized coils as discussed in section 2.4.4.

6.1

Electromagnetic Force Model of RINGS

The focus in this section is to highlight the motion dynamics of the system under the
operation of the EM actuation for the RINGS hardware. Thus, controllers based on
the extracted model of the EM force can be designed. To accomplish this, models of
EM force based on near, and far-field are discussed and compared.
6.1.1 Near-field Model of Electromagnetic Force
Calculating EM forces generated by coils is a major area of interest, within the field
of electromagnetic actuation systems, that has been studied by many researchers [1517]. In order to calculate the exact forces experienced by energized coils, the
developed magnetic field must be computed first by Biot-Savart law, which relates
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a current carrying conductor and its generated magnetic field. After that, a magnetic
force exerted on the other coil can be calculated based on Ampere law. Figure 6-2
shows a schematic of two current loops and their interaction.

Figure 6-2. Schematic of current loops.
First, by using the Biot-Savart law to define the magnetic field developed by the first
loop A at point A towards point B in the second loop B, which can be then expressed
as:
𝑩=

𝜇0 𝒓 × 𝐼𝐴 𝑑𝒍𝐴
∮
|𝒓|3
4𝜋

(97)

By rewriting the above equation to account for the RINGS model [51], the developed
magnetic field of coil A at point A on Coil B at point B is expressed as:
𝑩=

𝜇0 𝐼𝐴 𝑛𝐴
𝒓𝐴𝐵 × 𝑑𝒍𝐴
∫
4𝜋 𝑐𝑜𝑖𝑙 𝐴 |𝒓𝐴𝐵 |3

(98)

Where 𝜇0 is the permeability constant of free space, which equals to
4𝜋 × 10−7 𝐻/𝑚. Also, 𝐼𝐴 , 𝑑𝒍𝐴 and 𝑛𝐴 are the current, length segments, and a total
number of turns in coil A, respectively. 𝒓𝐴𝐵 is the position vector from points defined
on coil A and B. Next, by using the magnetic field equation, the magnetic force
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experienced by coil B at a segment of elements 𝑑𝒍𝐵 can be written in the following
form:
𝑑𝑭𝑑𝑙𝐵 = 𝐼𝐵 𝑛𝐵 𝑑𝒍𝐵 × 𝑩

(99)

Thus, obtaining the exact forces between both coils by first substituting equation (98)
into equation (99), and then integrating over coil B, which will yield to the following
form:

𝑭𝐴𝐵 =

𝜇0
𝒓𝐴𝐵 × 𝑑𝒍𝐴
𝐼𝐴 𝑛𝐴 𝐼𝐵 𝑛𝐵 ∫
(∫
) × 𝑑𝒍𝐵
3
4𝜋
𝑐𝑜𝑖𝑙 𝐵
𝑐𝑜𝑖𝑙 𝐴 |𝒓𝐴𝐵 |

(100)

In order to solve for this double integration equation numerically, an approximation
solution in the form of Riemann sums can be used, which allow evaluating the net
forces on each coil based on the near-field model. The discretized form of the EM
force depends on a finite length of segments, where the larger the number of
segments used, the more accurate the approximation of the EM forces. However, the
more computing power is required, while previous research effort shows that by
dividing each coil into N segments of value equals or greater than 50 will leads to
satisfactory results [51]. Therefore, this will allow approximating the EM forces
based on the near-field model of the RINGS system from the following relation:
𝑁

𝑭𝐴𝐵

𝑁

𝒓𝑖𝑗 × 𝑑𝒍𝐴𝑗
𝜇0
≈
𝐼𝐴 𝑛𝐴 𝐼𝐵 𝑛𝐵 ∑ (∑
3 ) × 𝑑𝒍𝐵𝑖
4𝜋
|𝒓𝑖𝑗 |
𝑖=0

(101)

𝑗=0

6.1.2 Far-field Model of Electromagnetic Force
On the other hand, by considering that both coils operate relatively at a far distance,
the generated magnetic field can be represented merely as a magnetic dipole that has
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a north and south pole. Figure 6-3 demonstrates the interacting forces and torques in
both cases of aligned and orthogonal coils based on magnetic dipoles approximation.
In the case of aligned coils, the two magnetic dipoles can generate axial forces that
enable to develop attractive and repulsive electromagnetic maneuvers, which will be
the scope of this research. On the other hand, orthogonal coils will produce shear
forces as well as torques acting on both systems.

Figure 6-3. Far-field model based on magnetic dipoles approximation.
This magnetic dipole approximation is referred to as a far-field model, where
controlling the applied current on coils will eventually control the strength of the
electromagnet actuator. The far-field model of the EM forces, 𝑭𝑖𝑗 , and torques, 𝝉𝑖𝑗 ,
can also be expressed as [52]:
𝑭𝑖𝑗 =

𝝁𝑖 ∙ 𝝁𝑗
𝝁𝑖 ∙ 𝒓𝑖𝑗
𝝁𝑗 ∙ 𝒓𝑖𝑗
3𝜇0
(−
𝒓𝑖𝑗 −
𝝁𝑗 −
𝝁𝑖
5
5
4𝜋
𝑟𝑖𝑗
𝑟𝑖𝑗
𝑟𝑖𝑗5

(102)

5(𝝁𝑖 ∙ 𝒓𝑖𝑗 )(𝝁𝑗 ∙ 𝒓𝑖𝑗 )
+
𝒓𝑖𝑗 )
𝑟𝑖𝑗5

𝝉𝑖𝑗 =

3𝒓𝑖𝑗 (𝝁𝑗 ∙ 𝒓𝑖𝑗 ) 𝝁𝑗
𝜇0 𝝁𝑖
×(
− 3)
4𝜋
𝑟5
𝑟

(103)

Furthermore, Ahsun was able to address the magnetic forces and torques based on a
far-field approximation of two magnetic dipoles as highlighted in Figure 6-4.
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Figure 6-4. Geometry of magnetic forces and torques based on far-field
approximation of two magnetic dipoles [18].
Therefore, magnetic force and torque generated by both ith and jth magnetic dipoles
in a two-dimensional plane can be written as follows [18]:
𝐹𝑖𝑗 = −

3𝜇0𝜇𝑖 𝜇𝑗 sin 𝑎𝑖 sin 𝑎𝑗 − 2 cos 𝑎𝑖 cos 𝑎𝑗
[
]
cos 𝑎𝑖 sin 𝑎𝑗 + sin 𝑎𝑖 cos 𝑎𝑗
4𝜋𝑟𝑖𝑗4

𝑇𝑖𝑗 = −

𝜇0 𝜇𝑖 𝜇𝑗
4𝜋𝑟𝑖𝑗3

(cos 𝑎𝑖 sin 𝑎𝑗 + 2 sin 𝑎𝑖 cos 𝑎𝑗 )

(104)
(105)

Under the assumption that both coils are maintained coaxial and colinear, a
simplified form of the EM forces based on the far-field model of aligned coils can be
written as:
𝐹𝑥 =

3 𝜇0 𝝁𝑨 𝝁𝑩
2𝜋𝑥 4

(106)

Where 𝑥 is the axial separation distance between both coils. The magnetic moment
for each coil can be expressed as 𝜇 = 𝑛𝐼𝜋𝑅𝑐2 , where 𝑅𝑐 is the radius of the RINGS’s
coil. This allows to compute and analyze the EM forces based on both the near-field
and the far-field models for the RINGS hardware and then examines the design of
various optimal control techniques to control the system based on the far-field model.
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6.1.3 Comparison of Near, and Far-field Models of Electromagnetic Force
Figure 6-5 shows a comparison between the near and far-field models under the
assumption that both coils are coaxial and colinear. Both coils are energized with a
constant RMS current of 13.7 A, which was determined as the maximum safe level
for operating the RINGS units before triggering some failsafe routines. Thus, all
upcoming analysis in this research will consider this maximum current limit for the
development of the closed-loop system, which adds another form of nonlinearity that
will be dealt with as a saturation function applied to the control input of the system.

Figure 6-5. Comparison of EM forces based on near-, and far-field models (𝐼1 =
𝐼2 = 13.7 𝐴).
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It can be seen, in the figure above, that the estimation of the EM force based on the
far-field is three times greater than the near-field at a separation distance of about
0.55 m. Although almost a 50% of a relative error between both models exists at a
separation distance of 1 m, the differences in the generated EM forces between the
models at this distance is relatively small in magnitude and approximately equals to
0.032 N. Therefore, by operating at relatively far distances, development of a robust
controller that can handle such uncertainties within the known error bounds of the
actuation forces in the system might leads to achieve sufficient results as will be
discussed in the development of nonlinear controllers. In addition, the EM forces
generated based on the simplified model of the far-field approximation can be
represented as a surface (as seen in Figure 6-6). This plot shows the profile of the
EM force and highlights its nonlinearity behavior. It is important to note that the
existed nonlinearity in the system can be classified as a continuous, which will allow
to locally approximate it by linear function for the main purpose of linearizing the
model about various steady points as will be discussed in the development of linear
controller.

Figure 6-6. EM force profile of a simplified model based on far-field
approximation (𝐼𝐴,𝑚𝑎𝑥 = 𝐼𝐵,𝑚𝑎𝑥 = 13.7 𝐴).
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6.2

Phase Plane Analysis of a Far-Field Electromagnetic Force Model

For RINGS
In order to provide further details about the effect of the nonlinearity in the EM forces
of RINGS system, a phase plane analysis was explored. It provides a graphical
method of studying the motion pattern, and trajectories of the system at various initial
conditions. This analysis allows defining a controllability region for the system to
operate within its boundaries. Thereafter, further development of controllers can be
designed such that it ensures the operation of the closed-loop system within these
allowable boundaries.
6.2.1 Controllability Region Based on Far-Field Model
Figure 6-7 shows phase plane analyses of two studied scenarios, which are referred
to as attractive and repulsive cases of EM forces. The analyses considered a desired
region of the separation distance between both aligned coils, which starts at a
distance of 0.5 m to 1.4 m. This range represents the minimum and maximum
possible axial distance between RINGS hardware within the available workspace for
the examined experimental tests. In an attractive EM force case, both coils are
energized with a maximum current value of 13.7 A; thus, coils exhibit an attractive
force between them. On the other hand, the repulsive EM force case, shown on the
right plot, considered the same RMS current value applied to the coils, but in an outof-phase setup; hence, the case of a repulsive electromagnetic force between coils
are expected and analyzed.
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Figure 6-7. Phase plane analyses based on a far-field model: Attractive EM force
case (left), and repulsive EM force case (right).
Results of the phase plane analyses reveal two important studies that have been
explored, which can be referred to as the escaping-velocity and collision-free
analyses.
6.2.1.1

Escaping-velocity Analysis

Due to the fact that EM forces are highly nonlinear, and its magnitude decreases to
the power of four as the separation distance between coils increases based on the farfield approximation, therefore, it was necessary to determine the maximum velocity
that the system can have before its motion trajectory can no longer bring to zero
relative velocity within the studied region. Therefore, by examining the motion
trajectories for various initial conditions, a profile of the maximum velocity based on
the separation distance can be found as seen in Figure 6-8. This highlighted profile
shows that when applying maximum attraction forces between coils and while the
system was initialized with a positive relative velocity indicating that both coils are
moving away from each other, the relative velocity of the system can be brought to
zero within the desired operating range. This was essential to determine in order to
154

prevent the controlled system from exceeding the velocity limits during the studied
EMFF maneuvers.

Figure 6-8. Phase portrait of escaping velocity analysis.

6.2.1.2

Collision-free Analysis

Likewise, exploring the maximum velocity limits to avoid collision between both
RINGS assemblies was analyzed as seen in Figure 6-9. This collision-free analysis
focuses on the case where both coils move toward each other such that the system
has a negative relative velocity while applying maximum repulsive EM forces. A
collision might occur if the estimated repulsive EM forces fail to bring the relative
state of the system to zero within a minimum separation distance of 0.55 m, which
corresponds to the minimum possible distance between coils due to the air bearing
subsystem of the RINGS assembly.
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Figure 6-9. Phase portrait of collision-free analysis.
Considering these boundaries to define the overall controllability region of the
system were necessary steps in the development of a closed-loop system, such that
the designed controller must maintain the system within these boundaries during the
EMFF tests. Designing aggressive controllers that tend to move the system with high
relative velocity and thereby outside these boundaries will eventually cause the
system to be uncontrollable within the desired region, and thereafter the system
becomes unstable.

6.2.2 Overall Controllability Region Based on Far-field Model
The Figure 6-10 defines the overall controllability region within the studied
separation distance and based on the simplified model of the EM forces. It can be
seen that a lower magnitude of velocity is permitted in the case of a positive relative
velocity compared to the case of negative relative velocity for aligned coils. This
becomes trivial as a positive relative velocity indicates that both coils are moving
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away from each other, and therefore the system needs to maintain relatively slow
velocities when operating at far separation distances in order for the available EM
forces to overcome the linear momentum of the system and bring the velocity state
of the system to zero within the desired region. On the other hand, having a negative
relative velocity between coils indicates that both coils are moving toward each other.
Since the estimated EM forces are considerably large when aligned coils are in close
proximity, it can be seen that the system can handle the larger magnitude of relative
velocity in close axial separation distance.

Figure 6-10. Overall controllability region of the system.
In order to use the defined boundaries based on the analyzed controllability regions,
two fitted curves were extracted, as seen in Figure 6-11, to simply have mathematical
relations for the maximum allowable velocity as a function of the axial separation
distance between aligned coils. The plot, shown on the left, displays the fitted curve
for the maximum allowable velocity in the case of positive relative velocity, while
the fitted curve, seen on the right, is for a negative relative velocity of the system.
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Figure 6-11. Fitted curves to the boundary of the controllability region.
The curve fit equation has the following general polynomial function form, where
the values of the coefficients used in the upcoming analysis are shown in Table 6-1.
(107)

𝑦 = 𝑐4 𝑥 4 + 𝑐3 𝑥 3 + 𝑐2 𝑥 2 + 𝑐1 𝑥 + 𝑐0
Table 6-1. Coefficients of fitted curves of the controllability region.
Coefficient

Fitted Curve 1

Fitted Curve 2

𝑐4

0

1.227

𝑐3

-0.22

-5.428

𝑐2

0.8306

8.867

𝑐1

-1.105

-6.364

𝑐0

0.5482

1.525
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6.3

Implementation of Linear Controller for Closed-loop EMFF

System
Previous experimental work has successfully demonstrated the ability to perform
navigation and flight formation between RINGS assemblies in a two-dimension
workspace. This was done by using the SVGS positioning sensor and the developed
motion platform. The accomplishment of this effort was essential to ensure that the
moving vehicle is always maintained aligned with the stationary vehicle prior to the
start of the EMFF tests. The following flowchart (seen in Figure 6-12)demonstrates
the approach and procedures used to perform the upcoming experimental tests for
the closed-loop EMFF maneuvers.

Figure 6-12. Flowchart of the operational procedures for the closed-loop EMFF
tests.
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Achieving the desired initial condition prior to the start of the EMFF test is essential,
which was determined as follows:
•

A minimum tracking error with an absolute relative position error of
|𝑥̃|, |𝑦̃| ≤ 0.02 𝑚 and relative orientation error of |𝜃̃ | ≤ 2𝑜

•

A zero-relative velocity with an absolute relative linear velocity error of
|𝑥̃̇ |, |𝑦̃̇ | ≅ 0 𝑚/𝑠 and angular velocity error of |𝜃̃̇ | ≅ 0 𝑑𝑒𝑔/𝑠

Therefore, the emphasis in the section is devoted towards the development of an
optimal control technique for the EMFF maneuvers. First, the design of a linear
control method, in the form of an LQ-servo controller, based on a linearized model
was studied. Thereafter, experimental results for a trajectory following command
signals were evaluated, where results of step and pulse responses for the designed
closed-loop system are presented.
6.3.1 Design of Closed-Loop LQ-servo System
The nonlinear behavior in the system is classified as a continuous nonlinearity, which
can be locally approached by a linear function. Accordingly, at a small range of
operation, a linearized model of the system might be valid to represent the motion
dynamics of the system about the linearized point. Figure 6-13 shows an example of
a profile for the EM forces based on the simplified model for a separation distance
range starting from 0.9 m to 1.0 m. As can be clearly seen, for a relatively small
range of operation, the EM forces might behave linearly with respect to current and
separation distance, and therefore can be approximated by a linear function.
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Figure 6-13. Profile of EM forces based on a far-field model for a small range of
about 0.1 m.
The fact that the EM forces can be linearized about a small neighborhood has allowed
the use of linear control methods in controlling and stabilizing the system about small
deviation from the linearized point. In order to design a linear controller based on a
linearized model of the EM force, the equation of motion for the axial axis between
aligned coils can be first obtained from Newton’s second law for translational
dynamics of the system:
𝑥̈ = 𝐹𝑥 /𝑚

(108)

Where 𝑥̈ is the acceleration of the system along the axial axis. 𝐹𝑥 is the external force
generated by the coils based on the simplified model of the far-field approximation,
and 𝑚 is the mass of the moving vehicle. By expressing the nonlinear equation of
the system in the form of a vector-valued state-space function, which can be written
as:
𝑥2
𝑓
(𝑥
,
𝑥
,
𝑢)
2
𝑥̇
𝒙̇ = { } = [ 1 1 2 ] = [3 𝜇0 𝜇𝐴 𝑛𝜋𝑅𝑐 𝑢
]
− 𝛾𝑔𝑥2
𝑓2(𝑥1 , 𝑥2 , 𝑢)
𝑥̈
4
2𝜋𝑚𝑥1
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(109)

Thus, by applying Jacobian linearization about a steady condition, the matrices of
the system and input have the following forms:
0
𝜕𝒇
2
−6
𝜇
𝜇
0 𝐴 𝑛𝜋𝑅𝑐 𝑢
𝐴= |
=[
𝜕𝒙 𝒙𝑟,𝑢𝑟
𝜋𝑚𝑥15

1
−γ𝑔

]

(110)

𝒙𝑟 , 𝑢𝑟

0
𝜕𝒇
2
𝐵= |
= [3 𝜇0 𝜇𝐴 𝑛𝜋𝑅𝑐 ]
𝜕𝒖 𝒙𝑟,𝑢𝑟
2𝜋𝑚𝑥14 𝒙

(111)

𝑟 ,𝑢𝑟

Consequently, a tracking controller in the form of an LQ-servo was designed, which
considers the control input 𝑢(𝑡 ) as the current applied to the coil of the moving
vehicle 𝐼𝐵 . The control input law of the controller can be then expressed as:
𝑢(𝑡 ) = 𝐺𝑦 𝑒 (𝑡 ) − 𝐺𝑟 𝑥̇ (𝑡 )

(112)

Where the tracking error 𝑒 (𝑡 ) = 𝑥𝑑 (𝑡 ) − 𝑥 (𝑡 ). By choosing the following design
parameters for the LQ-servo controller, where the state weighting matrix equals:
𝑄=[

400
0
]
0
50,000

(113)

Likewise, the control weighting parameter of the designed controller equals:
𝜌 = 0.01

(114)

Therefore, the optimal gains are 𝐺𝑦 and 𝐺𝑟 are numerically computed using “lqr”
function in Matlab, which have the values of 156.2 and 2282.7, respectively.
Consequently, Figure 6-14 shows a step response of the linearized model with the
designed controller in which the nonlinear system was linearized about a 𝒙𝑟 =
[0.8 0]. The step response has an amplitude of 0.2 m, where the controlled system
162

moves initially from a separation distance of 0.7 m to 0.9 m. Simulation results show
that a rising time of the designed controller is about 50 seconds. Although the
response of the system is relatively slow, this was important to achieve in order to
avoid overshoot in the transient response. The figure also highlights the estimated
relative velocity of the system and compare it with the maximum allowable velocity
based on the analysis of the escaping velocity. The system has a maximum relative
velocity of 0.016 m/s, while the maximum allowable velocity at the studied region is
about 0.066 m/s. This ensures that the system will operate with minimum relative
velocity and maintain it within the controllability region during this step maneuver.

Figure 6-14. Step response of the closed-loop nominal system (left), and relative
velocity of the step maneuver (right).
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6.3.2 Experimental Results of Closed-loop EMFF System
The designed linear controller was experimentally implemented in the actual system.
The experimental results shown here involve two different trajectory following
maneuvers, where step and pulse responses of the closed-loop system were obtained.
6.3.2.1

EXPERIMENTAL RESULTS OF STEP RESPONSE

By experimentally implementing the designed tracking controller, a step response of
the actual system using the generated EM forces between both coils was evaluated
as seen in Figure 6-15. This test shows an attraction maneuver, where the moving
vehicle was initially holding its position at a distance of 0.9 m for 40 seconds. Then,
a falling step with an amplitude of 0.2 m was commanded, where the system holds
its position at a new position level of 0.7 m. The experimental result of the step
maneuver demonstrates the high capability of the developed closed-loop system to
control the separation distance between coils with relatively small deviation around
the linearized point. This was done using the EM actuation capability the RINGS
hardware. It can also be seen in the other set of plots that the remaining 2-DOF for
translational dynamics in the y-axis and rotational dynamics about vertical axis were
regulated and maintained at zero during the EMFF test. This ensures that the moving
vehicle was maintained axially aligned during this maneuver using the electric
ducted fans subsystem.
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Figure 6-15. Experimental step response of LQ-servo controller.

6.3.2.2

EXPERIMENTAL RESULTS OF PULSE RESPONSE

In addition to a step response, a pulse response was also explored. Figure 6-16
presents the experimental response of the system during this test. The pulse
maneuver involves both rising and falling steps that occur at 40 and 100 seconds,
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respectively. The magnitude of both steps is 0.2 m and the total duration of the EMFF
test is about 165 seconds.

Figure 6-16. Experimental pulse response of LQ-servo controller.
This test demonstrates not only an attraction maneuver, but also a repulsive
maneuver using the generated EM forces of the RINGS hardware. As can be seen
that no oscillatory behavior existed at the transient response of the system, while the
steady-state response of the system has a tracking error of less than 0.015 m.
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Likewise, the remaining 2-DOF, 𝑦 and 𝜃 states, were exhibit minimum deviation
about the desired state during this pulse maneuver.
The experimental results of both step and pulse tests indicate the effectiveness of the
linearized model of EM forces based on far-field model and the developed linear
controller on tracking different reference signals. In addition, these results also
highlight the ability of the system to hold constant separation distances between
aligned coils at different position levels. This has experimentally proved the fact that
a system with electromagnetic actuators that operate at relatively far distances can
be modeled as magnetic dipoles, linearized about the steady condition, and thereafter
linear control schema can be implemented to achieve adequate performance of the
closed-loop system.

6.4

Nonlinear Controller for Closed-loop EMFF System

Due to the inherent nonlinearity of the EM force, considering design of nonlinear
controllers might be more effective and lead to enhance the tracking capability of the
system, particularly for testing a large operational region. This section will focus on
the design of two nonlinear control techniques in the form of gain scheduling and
sliding mode controllers. Implementations of both control techniques to develop a
closed-loop position control using the SVGS-RINGS system were studied. In
addition, experimental results of both control methods are presented and compared.
6.4.1 Gain Scheduling Controller
6.4.1.1

Gain Scheduling Design Overview

As has been highlighted previously, the nonlinear dynamics of the EM forces are
known by the near-field model and approximated by the far-field model when
operating at a relatively far distance between the coils. Hence, in this situation, it
might be viable to adjust some of the parameters of the controller based on the
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operating condition of the system. By appropriately adjusting the gain of the
controller, this method is referred to as a gain scheduling, where parameters of the
linear controller are tuned and thereafter updated in real-time as a function of the
actual state of the system. Figure 6-17 shows a schematic of the principal operation
of the gain scheduling controller, where the controller’s schema has a mechanism of
switching the controller parameters based on the operating condition of the system.

Figure 6-17. Schematic of the working principle of an LQ-servo based gain
scheduling controller.
Previous experimental results of the LQ-servo position control system show that a
linear controller can operate effectively around the nominal points, where the
nonlinear system was linearized. However, it was noticed that it performs poorly at
other position levels. Thus, designing multiple linear controllers around different
operating conditions might also be effective in controlling the system across a broad
operational range; hence, the design of a gain scheduling controller based on the
formulation of an LQ-servo schema was considered in this study. This can be attained
by analyzing the overall controllability region of the system and linearizing it around
various nominal points as illustrated in Figure 6-18.
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Figure 6-18. Linearized points based on the controllability region.
Therefore, different linearized models of the nonlinear system were extracted. By
following a similar approach of designing an LQ-servo controller at each linearized
point, a list of optimal control gains can be generated. Then, tuning and adjusting the
gains of the controller in real-time based on the position state of the system, which
was considered as the scheduling variable of the controller. Table 6-2 displays the
linearized point, optimal gain matrix, and location of the closed-loop system.
Table 6-2. Scheduling table of gain scheduling controller.
Linearized point
[0.6 0]
[0.7 0]
[0.8 0]
[0.9 0]
[1.0 0]
[1.2 0]

𝐺
𝐺
𝐺
𝐺
𝐺
𝐺

Optimal gain
= [144.2 2249]
= [150.9 2262]
= [156 2282.7]
= [160.4 2313]
= [164 2355.4]
= [169.4 2481]

𝑠1,2
𝑠1,2
𝑠1,2
𝑠1,2
𝑠1,2
𝑠1,2

CL poles
= −5.64,
= −3.04,
= −1.77,
= −1.09,
= −0.71,
= −0.33,

−0.1
−0.1
−0.1
−0.1
−0.1
−0.1

The stability and performance can be assessed from the location of the closed-loop
poles of the nominal system, where all closed-loop poles lie on the real axis of the
complex plane. This ensures that the system will have no oscillatory behavior, and
thus minimum overshoot can be expected once the controller is implemented in the
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actual system. On the other hand, relative stability suffers as the controlled system
operates at a far separation distance. This is anticipated as the generated EM forces
become less and thus fewer actuation forces are available at far proximity. By
considering re-tuning the design parameters of the LQ-servo controller, the relative
stability of the system might be improved. However, for simplicity, simulation
results were found using the optimal control technique with the same design
parameters, which are the weighting matrices in the formulation of the LQ-servo
controller. In addition, increasing the number of entries in the scheduling table, by
linearizing the system about smaller operating regions, might be considered in which
it will also enhance in smoothing out the switching action of the gain scheduling
controller.
6.4.1.2

Experimental Results of Staircase Response: Gain Scheduling

Controller
To evaluate the performance of the designed gain scheduling controller, a staircase
response was experimentally examined. A staircase command signal allows studying
the response of the system across wider operating range, where it consists of multiple
step commands at different position levels as seen in Figure 6-19.

Figure 6-19. Structure of a staircase command signal.
The studied staircase response has an overall amplitude of 0.4 m, which consists of
rising and falling steps with an amplitude of 0.2 m. The staircase input signal has
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three levels of hold position maneuvers at 0.6, 0.8, and 1 m as seen in Figure 6-20.
This visually demonstrates the capabilities of the gain scheduling controller in
attempting to control the system across the large operational range. The experimental
results involve controlling the 3-DOF of the SVGS-RINGS system. In the same
fashion, the axial axis between coils is controlled using the developed EMF
controller, while remaining 2-DOF are controlled using ducted fans subsystem to
maintain the system aligned during the EMFF maneuver.

Figure 6-20. Experimental staircase response of gain scheduling controller with 0.4
m staircase amplitude.
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The experimental result shows a good tracking response at far separation distances
(x 𝑑 = 0.8, and 1 m). However, at lower values (x d = 0.6 m), poor tracking
performance was noticed, where the closed-loop system becomes even unstable. This
raises the concern of two possible leading causes of the system being unstable at near
distances, which are the validity of the used model and the possible lack of
synchronization. First, the validity of the far-field model to be utilized in controlling
the system at particularly close separation distances, especially since the relative
error between the near and far-field model of EM forces increases dramatically as
the far-field model diverges in near proximity. Another concern was the lack of
synchronization between both RINGS hardware. Each RINGS unit is equipped with
nine IR sensors. By using an external IR pulse that simple trigger the IR sensors of
both units simultaneously at a defined rate, the alternating current waveforms of both
systems are kept synchronized. Loss of synchronization between coils will
eventually cause to generate arbitrary forces between both systems, and therefore the
system becomes uncontrollable.
A considerable amount of effort was devoted to identifying the problem. It turns out
that lack of synchronization due to a hardware issue in the development of the IR
board was the main reason for the observed instability in the near proximity. This
was also highlighted in a previous effort as reliability issues in the RINGS hardware
[21]. The potential hardware flaw was found in the form of a floating digital input
pin for the shutdown operation of the IR transceiver as discussed in the diagnostic
test performed in section 2.4.4. Thus, operating the IR board with the presence of
high electromagnetic interference environment such as the case when both coils are
in close proximity (x d ≈ 0.6 m) has significantly impacted the operation of the IR
sensors, which was also observed during the experimental testing of the EMFF
operations for RINGS hardware. Therefore, testing the controller at further distances
was considered to avoid high electromagnetic interference that damages the
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operation of the IR boards of the RINGS hardware. A modified staircase command
was studied, which has four different position hold levels starting from 0.7 m with a
step amplitude of 0.1 m. Figure 6-21 highlights the effect of losing the
synchronization between alternating current waveforms of both RINGS hardware,
which occurred approximately at 160 seconds. Later at 190 seconds, the system was
able to recover from the loss of synchronization and therefore was able to track again
the desired position state for this modified staircase response.

Figure 6-21. Effect of losing synchronization between RINGS hardware.
Although the loss and recovery of synchronization appeared in the case discussed
above, the issue of synchronization persisted and appeared in many other occasions
during the EMFF testing phase, wherein worst-case the system remains in failure and
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no recovery was obtained. Nevertheless, Figure 6-22 shows another experimental
test with a successful attempt in demonstrating the staircase response of the
developed position controller. The overall response shows a minimum impact of the
observed issue, where particularly the system losses the synchronization between
both coils in the last position level at about 247 seconds.

Figure 6-22. Experimental staircase response of gain scheduling controller with 0.3
m staircase amplitude.
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Another successful attempt of performing a trajectory following for the modified
staircase was also evaluated, as seen in Figure 6-23, for the same design of controller.

Figure 6-23. Experimental staircase response of gain scheduling controller with 0.3
m staircase amplitude (2nd trial).
Overall, the experimental results of the staircase maneuvers indicate the ability of
the developed controller to control the separation distance between both coils
effectively. Nevertheless, steady-state errors were also noticed at different position
levels. An experimental result, seen in Figure 6-23, shows that at the desired
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separation distance of 0.9 m, a steady-state error is about 0.015 m. This error has
increased as the two coils operate at a further distance, where a reference signal of
1.0 m has an error of almost equals to 0.04 m. This has led to prevent the controlled
system from precisely tracking the desired position state, particularly at far position
levels. Thus, nonlinear control methods were explored to study the feasibility of
overcoming and enhancing the overall tracking performance of the closed-loop
system.

6.4.2 Sliding-Mode Controller
While a gain scheduling controller based on linear control technique led to adequate
performance, a nonlinear controller in the form of SMC was also studied. By utilizing
the nonlinear dynamics of the EM force model and accounting for it in the
formulation of the SMC, a precise and accurate tracking performance might be
attained. First, the design of the SMC with the gain margin case can be studied by
following Slotine’s approach [53]. The equation of motion for the 2 nd order system
with a single input and an external disturbance force can have the form:
𝑥̈ = 𝑓(𝒙) + 𝑏(𝒙)𝑢 + 𝑑(𝑡 )

(115)

By giving the bounds of the uncertainties within the dynamic model 𝑓 that exists due
to the friction force of the air pucks used in the planar motion of SVGS-RINGS
system, the error between the estimated 𝑓̂ and actual 𝑓 dynamics is considered to be
bounded by a known function 𝐹 such that:
|𝑓̂ − 𝑓| ≤ 𝐹

(116)

Also, by assuming that a disturbance force is acting on the system, where a timevarying disturbance is assumed to be equals to:
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𝑑(𝑡 ) = 0.015 sin 𝑡

(117)

This mimics the disturbance force that might be exerted on the actual system and
also to analyze the performance of a robust controller in the presence of such external
time-varying disturbance force. Similarly, 𝑏 is a state-dependent control gain
obtained by the near-field model of EM force, where 𝑏̂ is defined as the estimated
control gain based on the simplified model of far-field approximation. By assuming
the coils of the stationary and moving vehicles are maintained aligned, the estimated
control gain can be expressed as:
𝑏̂ =

−3𝜇0 𝜇𝐴 𝑛𝑅𝑐2
2𝑚𝑥 4

(118)

where current of the moving vehicle 𝐼𝐵 will be considered as the control input to the
system 𝑢 = 𝐼𝐵 . Also, by accounting for the near-field model as uncertainties that
exist in the input gain 𝑏, and bounded by 𝐷, the uncertainties in 𝑏 can be expressed
as the following multiplicative form:
𝑏 = (1 + Δ)𝑏̂

|Δ| ≤ 𝐷

(119)

Based on the comparison between the EM forces of the near and far-field models that
were conducted previously, the force estimated by the far-field is almost three times
greater than the force estimated by the near-field at the worst-case scenario for the
studied region. Thus, designing a controller to account for uncertainties in the control
1

gain margin 𝑏 with a factor of approximately equals to 3 was considered 𝑏 = 3 𝑏̂.
Therefore, the value used for the scalar bound 𝐷 in the development of the controller
is:
𝐷≥

2
3
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(120)

Now, by defining the general form of the sliding surface 𝑠(𝒙) for the controller as:
𝑛−1
𝑑
̃
𝑠(𝒙) = ( + 𝜆)
𝒙
𝑑𝑡

(121)

Where the tracking error 𝑥̃ = 𝑥 − 𝑥𝑑 , and 𝜆 is a design parameter of the SMC and is
strictly positive constant, which corresponds to the slope of the sliding mode
manifold. A large value of 𝜆 will cause the controller to converge faster and therefore
minimum tracking error can be attained. To ensure that the sliding surface is reached
in a finite time, the following sliding condition was applied:
1𝑑 2
𝑠 ≤ −𝜂|𝑠|
2 𝑑𝑡

(122)

For 𝜂 > 0. Therefore, this enables all trajectories to asymptotically converge into the
sliding surface. This condition is referred to as the finite-time reaching phase, which
is one of the two main phases in the development of the SMC. Thus, for a 2 nd order
system, the function 𝑠 can be expressed as:
̃
𝑠 (𝒙) = ̃
𝒙̇ + 𝜆𝒙

(123)

Where, 𝑥̃̇ = 𝑥̇ − 𝑥̇ 𝑑 . Once the trajectory of the system reached the sliding surface, a
sliding phase in which the controller maintains the system dynamics on the sliding
surface 𝑠 which implies that 𝑠̇ = 0, and therefore the system will exhibit exponential
convergence to the desired state 𝑥𝑑 , where the nominal control input 𝑢̂(𝑡 ) can be
expressed as:
𝑢̂(𝑡 ) = 𝑥̈ 𝑑 − 𝑓̂ − 𝜆(𝑥̇ − 𝑥̇ 𝑑 )

(124)

For notational compactness, introducing 𝑥𝑟 such that:
̃
𝑥̇ 𝑟 = 𝑥̇ − 𝑠 = 𝑥̇ 𝑑 − 𝜆𝒙
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(125)

To ensure that the sliding condition is reached within a finite-time, the switching gain
𝑘 can be selects such that:
𝑘≥

1
(𝐹 + 𝐷|𝑥̇ 𝑟 | + 𝜂 )
1−𝐷

(126)

Consequently, defining the control law 𝑢(𝑡 ) based on the gain margin approach as
the following form:
𝑢(𝑡 ) = 𝑏̂ −1(𝑢̂ − 𝑘 𝑠𝑔𝑛(𝑠 ))

(127)

By examining the step response of the controlled system using the above control
input law, simulation results can be analyzed prior to the implementation of the
controller with the actual system. The simulated response of the designed closedloop position controller for the EMFF system (seen in Figure 6-24) achieved a proper
tracking performance with a critically damped response that eliminates overshooting
in the transient response of the system. This was achieved by adequately tuning the
design parameters 𝜆 and 𝜂 of the SMC, where the initial values used are 1.2 and 0.02,
respectively. In addition, the relative linear velocity between the two coils are
maintained below the maximum allowable velocity. At the worst-case scenario for
this studied step maneuver, operating at a separation distance of 0.9 m will have a
maximum allowable velocity of approximately 0.065 m/s, while the maximum
relative velocity achieved by the designed controller is about 0.05 m/s. This ensures
that the system will operate within the controllability region that was defined
previously in the phase plane analysis. It can be seen that the control input suffers
from a chattering behavior; hence, upcoming development will consider a widelyknown method to eliminate it.
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Figure 6-24. Simulated step response with SMC.

6.4.3 Sliding Controller
Although the simulated response, seen in Figure 6-24, was able to track the desired
state, the output signal of the controller displays a large chattering behavior. This is
a well-known phenomenon of the switching mechanism exists in the SMC due to the
sign term in the switching gain, which presents discontinuity to the control signal. It
is highly undesired, especially from a practical perspective as it introduces a
challenge to implement such a signal that significantly suffers from a chattering
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behavior, where it becomes unachievable for actual hardware and instruments to
switch the control input at that speed. Therefore, a boundary layer of thickness 𝜙 was
involved in the formulation of the SMC to overcome this issue and smooth out the
control input signal. The control input law becomes:
𝑠
𝑢(𝑡 ) = 𝑏̂−1 (𝑥̇ 𝑟 − 𝑓̂ − 𝑘 𝑠𝑎𝑡 ( ))
𝜙

(128)

Where the saturation function can be evaluated by the following relation:
𝑠
𝑠𝑔𝑛(𝑠 ); |𝑠| ≥ 𝜙
𝑠𝑎𝑡 ( ) = {
|𝑠| < 𝜙
𝑠/𝜙;
𝜙

(129)

The interpretation of this saturation function can be visualized as seen in Figure 6-25.

Figure 6-25. Interpolation of a saturation function (𝑠𝑎𝑡(s/𝜙 )).
Additionally, the boundary layer width has the form of 𝜀 = 𝜙/𝜆𝑛−1 , which implies
that the absolute value of the tracking error is always equals or less than the boundary
layer width |𝑥̃| ≤ 𝜀. Thus, by simply choosing a constant boundary layer thickness
with a value of 0.003, tracking error are maintained within |𝑥̃| ≤ 0.01 𝑚. Figure 6-26
shows the response of the SMC with the integrated boundary layer into the controller
formulation. This has effectively eliminated the chattering behavior that existed in
the control input signal with utilizing the same values of parameters in the design of
SMC.
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Figure 6-26. Simulated step response with SMC and boundary layer.
After experimentally evaluating the above designed SMC, it was found that the
controller was only able to stabilize and control the system around the region of x 𝑑 =
0.6 𝑚, which led to undesired responses at different levels. This was presented as a
large oscillation in the transient response at some levels, while the unstable response
was found at other position levels. Therefore, analyzing the simulated response of
the system not only in the near distance, but also at far distances was a necessary step
to ensure that controller will lead to a desired tracking performance across the
evaluated operating region. As a result, by simulating the response of a staircase
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command for the same parameters of the developed controller, Figure 6-27 illustrates
the effect that was noticed due to selecting improper parameters for the design of the
controller.

Figure 6-27. Simulated staircase response with improper design parameters of
SMC.
Although the system was tracking the command precisely with minimum overshoot
at x 𝑑 = 0.6 𝑚, it introduces large oscillation in the transient response of the system
about x 𝑑 = 0.8 𝑚, where it becomes even worse at x 𝑑 = 1.0 𝑚, which shows
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another indication of the nonlinearity exists in the system. As a result, re-tuning the
parameters of the SMC was considered to ensure that the desired response of the
controlled system will be attained for all position levels. In addition, another
constraint was added to account for the relatively low sampling rate of the EM
actuator. Such a constraint adds upper bound to the value of 𝜆 such that:
𝜆≤

1
𝜈
5 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔

(130)

Where 𝜈𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 is the sampling rate of the EM actuator of the RINGS hardware.
Consequently, the simulation result, seen in Figure 6-28, shows a response of the
controlled system with the new design parameters (𝜆 = 0.2, 𝜂 = 0.02). Also, the
staircase signal has been modified such that it starts from 0.7 m to 1.0 m with a step
amplitude of 0.1 m. This was achieved with the presence of the examined timevarying external disturbance. Although tracking precision slightly suffers due to the
introduced boundary layer and sampling rate into the formulation of the SMC, the
designed controller still has dramatically enhanced the control input signal in which
it has smoothed out the signal and allows it to stay within the bandwidth of the EM
actuator for the RINGS hardware as well.
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Figure 6-28. Simulated staircase response with proper design parameters of SMC.

6.4.3.1

Experimental Results of Position-hold Response: Sliding Controller

The first experimental investigation of the designed position control system based on
the sliding mode control schema involves a position-hold maneuver with an external
disturbance. The values of the design parameters used in this test are λ = 0.2, η =
0.06, and ϕ = 0.004. The result of this 1-minute maneuver expresses the tracking
ability of the designed controller to stabilize the system under the influence of the
applied disturbance that acts on the system and can be mimicked as an impulse force
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applied on the axial axis of the moving vehicle and donated by 𝑑1 . This has led to
have a maximum tracking error of about 0.14 m at about 22 seconds.

Figure 6-29. Experimental response of a hold-position maneuver using sliding
controller (𝜆 = 0.2, 𝜂 = 0.06, 𝜙 = 0.004).
6.4.3.2

Experimental Results of Staircase Response: Sliding Controller

After the successful implementation of controller as seen with the hold-position test,
a more complicated trajectory following test was experimentally explored. The
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staircase response of the sliding controller was conducted as seen in Figure 6-30,
where the modified design parameters have the values of λ = 0.2, η = 0.02, and ϕ =
0.005.

Figure 6-30. Experimental response of a staircase maneuver using sliding controller
(𝜆 = 0.2, 𝜂 = 0.02, 𝜙 = 0.005).
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Another attempt that involves a new set of values for the design parameters (λ =
0.16, η = 0.06, ϕ = 0.002) was explored as shown in Figure 6-31. The modified
parameters of the sliding controller enhanced the transient response by reducing the
overshoot percentages at all desired position levels. Despite the fact that this test was
not completed due to the failure of synchronization that occurred at approximately
160 seconds, successful results in all rising steps of the staircase response present the
effectiveness of the implemented closed-loop system.

Figure 6-31. Experimental response of a staircase maneuver using sliding controller
(𝜆 = 0.16, 𝜂 = 0.06, 𝜙 = 0.002).
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6.4.4 Discussion
In order to assess the improvements of the tracking performance between the control
methods used in this research, a comparison test between the developed gain
scheduling and the sliding controller was studied. The presented results, seen in
Figure 6-32 (below), show both responses of the controllers for a staircase reference
signal. It can be seen that a sliding controller achieves better tracking performance
with a minimum steady state error compared to the gain scheduling controller. By
comparing the tracking performance of both control techniques, the mean absolute
value of the tracking error for the sliding controller equals |𝑥̃𝑆𝐶 | = 0.024 𝑚, while
for the gain scheduling controller is |𝑥̃𝐺𝑆 | = 0.033 𝑚. These mean errors involve
tracking error of both transient and steady-state responses for the test period starting
from 𝑡 = 0 𝑠 until 𝑡 = 220 𝑠. In addition, the tracking error plot shows the
enhancement of the developed sliding controller in precisely tracking the desired
position state, as well as eliminating the steady-state error that existed with the gain
scheduling controller. As can be seen at 𝑡 = 110 seconds, the gain scheduling
controller has an absolute error of 0.037 m, while the sliding controller has an
absolute error of 0.003 m. Similarly, at 𝑡 = 150 𝑠, the gain scheduling controller has
an absolute error of about 0.052 m, while the sliding controller has an absolute error
of about 0.004 m.
It was also observed that loss of synchronization has occurred in both experimental
tests. Particularly, at 220 seconds for the sliding controller and about 247 seconds for
the gain scheduling controller, which led to generate arbitrary forces between coils,
and thus the system becomes uncontrollable from that point. Despite the noticed loss
of synchronization and its impact on the last few position levels on the examined
staircase response, both control techniques prove the capability of utilizing the
RINGS hardware with the SVGS positioning system to perform position control
using the EM actuators.
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Figure 6-32. Comparison of experimental staircase responses between Gain
Scheduling and sliding controllers.
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CHAPTER 7
Conclusion
The unique concept of a propellant-free propulsion system using an electromagnetic
actuator has enormous benefits for various space missions. The hardware of the
Resonant Inductance Near-field Generation System in conjunction with the
Smartphone Video Guidance Sensor prove the capability of performing
electromagnetic formation flight for future space-related missions. The experimental
work presented in this dissertation aims to demonstrate the ability of both systems to
perform various EMFF maneuvers in a frictionless, two-dimensional environment
based on a far-field approximation of an EM force model. The experimental results,
of the closed-loop EMFF tests shown in this dissertation, present the first-known
successful axial closed-loop EMFF maneuvers using the electromagnetic actuators
of RINGS hardware.
The SVGS is a stand-alone relative positioning sensor that is reliable and accurate in
terms of computing proximity operations for various applications, specifically
between small satellites. The study presented in this dissertation focused on
providing statistical assessments, as well as accuracy and error analyses for the
operation of SVGS. Different factors were considered in the study, such as the size
and type of SVGS targets. In addition, different velocities were tested to evaluate the
overall performance of the SVGS position estimation under various motion profiles
between the SVGS and the moving targets. Another part of the effort in this study
was to explore the effect of sampling time of the vision-based SVGS system, where
accurate control in the sampling time for a vision-based system was not reachable.
Furthermore, this dissertation showed the design, approach, and experimental
implementation of a 3-DOF closed-loop control for an SVGS-RINGS vehicle
equipped with a ducted-fan motion platform. Results of the ground testing
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demonstrate the capabilities of the controlled system to perform navigation of a
single-vehicle using the vision-based SVGS sensor and the developed optimal LQG
controller. Advantages of integrating a state estimator schema into the system were
highlighted, whereas results of the designed Kalman filter show significant
improvements to the state estimation of the system. Experimental results to a singleand dual-axis maneuvers display the abilities of the developed tracking controller to
have a precise and accurate tracing to the desired inputs in all 3-DOF. In addition,
this research also discussed the feasibility of performing autonomous navigation and
flight formation between dual-vehicles using the introduced SVGS sensor. A path
following problem was presented, where various path trajectories were attained. The
experimental results of the developed path following controllers showed the
practicability of achieving an effective dynamic response for specific space-related
applications using the SVGS sensor, where integrating the SVGS as a primary
positioning sensor in a control loop can be accomplished.
Lastly, the test setup, for the development of closed-loop EMFF systems, consists of
a stationary and moving vehicles that are equipped with alternating electromagnetic
actuators in a flat floor. Both near and far-field models of electromagnetic forces
based on the RINGS system were shown and compared. Different control techniques
were considered, where closed-loop axial position controls based on the
electromagnetic models were developed. The linear and nonlinear controllers were
designed based on the simplified far-field model and then implemented in the actual
system. Experimental results of the developed linear controller performed successful
step and pulse maneuvers. In addition, nonlinear controllers were also implemented
to highlight the feasibility of the controlling relative separation distance between
aligned coils at different position levels, where experimental results of the staircase
response demonstrated the great promise of the SVGS-RINGS system and the
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developed controllers in achieving an effective position control using the alternating
electromagnetic actuation system.
Achieving relatively an effective tracking performance using linearized model opens
the opportunities for the upcoming effort to investigate different designs of modern
linear control techniques for future work. Additionally, other nonlinear control
schema can also be studied such as inverse dynamics of the nonlinear actuator, which
is considered a special case of gain scheduling [54]. This method might overcome
the complexity of the nonlinearity in the EM force model by feeding the optimal
control signal, based on the design of linear comptroller, into the inverse of the
nonlinearity in the EM actuation. Future work on RINGS system might also consider
providing a permanent solution to the reliability issue exists in the IR circuitry of the
RINGS hardware. This will solve the issue observed in this research regarding the
loss of synchronization and thereafter allow to run the system at closer distances;
hence, various designs of controllers can be examined for closer proximity operations
between both coils. Furthermore, more complex EMFF maneuvers can also be
explored, such as formation capturing technique in which an SVGS-RINGS vehicle
searches for the other vehicles. This can be accomplished without the prior
knowledge of the location and position between flying vehicles. Likewise, exploring
different path-following trajectories for a flight formation problem. Complex
trajectories that vary with time such as a sinusoidal signal can also be considered.
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APPENDIX A
Results of SVGS Test Assessments for S8 Smartphone

Figure A-1. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.2 Hz – R1).
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Figure A-2. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.1 Hz – R1).
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Figure A-3. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.05 Hz – R1).
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Figure A-4. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.008 Hz – R1).
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Figure A-5. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.2 Hz – R2).
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Figure A-6. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.1 Hz – R2).
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Figure A-7. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.05 Hz – R2).
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Figure A-8. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.008 Hz – R2).
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Figure A-9. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.2 Hz – LED).
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Figure A-10. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.1 Hz – LED).
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Figure A-11. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.05 Hz – LED).
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Figure A-12. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.008 Hz – LED).
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Figure A-13. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.2 Hz – R1).
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Figure A-14. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.1 Hz – R1).
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Figure A-15. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.05 Hz – R1).
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Figure A-16. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.008 Hz – R1).
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Figure A-17. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.2 Hz – R2).
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Figure A-18. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.1 Hz – R2).
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Figure A-19. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.05 Hz – R2).
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Figure A-20. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.008 Hz – R2).
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Figure A-21. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.2 Hz – LED).
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Figure A-22. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.1 Hz – LED).
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Figure A-23. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.05 Hz – LED).
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Figure A-24. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.008 Hz – LED).
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Figure A-25. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (roll-axis – 0.0025 Hz – R1).
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Figure A-26. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (roll-axis – 0.0025 Hz – R2).
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Figure A-27. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (roll-axis – 0.0025 Hz – LED).

225

Results of SVGS Test Assessments for INFORCE Board

Figure A-28. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.2 Hz – LED – INFORCE board).
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Figure A-29. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (x-axis – 0.016 Hz – LED – INFORCE
board).
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Figure A-30. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.2 Hz – LED – INFORCE board).
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Figure A-31. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (z-axis – 0.016 Hz – LED – INFORCE
board).
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Figure A-32. Position and velocity estimations of SVGS and actual motion with
histogram plots of their absolute errors (roll-axis – 0.0025 Hz – LED – INFORCE
board).
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