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Preface

Optical communications is one of those elusive and intriguing technologies, that currently receives
plenty of investigation investments, to make it a practical addition to existing radio frequency commu-
nications. The first time | heard about it, was during the optical instrumentation lectures, as part of my
journey through the space engineering master courses. While | immediately found the topic captivating,
| believed at the time that there were far too many challenges still to be solved for the technology to
come to anything remotely close to practical applications.

As | advanced through my master’s, | was searching for an internship and a recommendation came
through by my girlfriend, to apply at the Space Defense Security Center. When | reached out, they
asked me to create a list of topics that | was interested in performing work on. While | was creating that
list, classic research topics such as micro-satellite engineering, space debris, etc, came first to mind.
When the first version of that list was complete, | wasn’t satisfied. | then proceeded to iterate, rethinking
what | was truly passionate about and then | remembered optical communications. Then | decided to
add it to the list and it turned out to be the only topic of interest for which an internship was available.

During the internship, | finally started to appreciate how the technology readiness level of the tech-
nology was so much further ahead of what | originally thought. | then began to think about possible
novel applications of the technology in my spare time, therefore when the opportunity arose to perform
my master’s thesis on the expansion of practical applications, | was sold into the topic from day one.

| would like to thank M. Noppen and G-J Neetjes, for giving me the opportunity to dive into the
world of optical communications at the Defence Space Security Centre, as well as for helping me to
troubleshoot the many problems | have faced during the research. | would like to thank R. Saathof for
his time, patience and guidance throughout the research process, it has proven critical for achieving
the results presented in this work. | would like to thank my parents, Ana Elena Mendoza Gonzales
and Klaas Kuiken, for providing me with the care, tools and means to complete my studies and have
shaped the person | am. | would like to thank my oldest sister Fernanda Bernadette Kuiken Mendoza
and my girlfriend Valerie Wendela Schindeler, for their continuous support and encouragement, which
helped me to get through the difficult parts of this research and life.

Mateo T. Kuiken Mendoza
Delft, September 2024



summary

Wireless Optical Communication (WOC) has recently become a viable complementary technology in
addition to existing Radio Frequency Communication (RFC). One of its critical advantages over exist-
ing RFC is its significant increase in carrier frequency, since "it is a well-known fact that an increase in
carrier frequency increases the information-carrying capacity of a communication system” [24]. WOC
has several critical advantages over existing RFC, namely tariff-free bandwidth allocation, low on-board
power requirements and improved channel security. Due to the rise in global tensions, the last advan-
tage can prove a crucial asset for military applications.

There are also several critical challenges of WOC, namely its high dependability on stable atmo-
spheric conditions. Recent advances in Vertical-Cavity Surface-Emitting Lasers (VCSEL'’s), Avalanche
Photodiodes (APD’s), Adaptive Optics, Real-Time Control, Active Optics, etc, all have allowed address-
ing the challenges of WOC, increasing the feasibility of implementing such technology as a practical
communication system. The application of WOC for Ground to Low-Earth-Orbit communication is re-
ferred to as Free Space Optical Communication (FSOC). This application remains the focus of this work.

To perform FSOC, 3 main elements are required, these include the transmitter, the transmission
channel and the receiver. The fundamental working principle of this technology is to modulate the in-
formation into an optical carrier, typically performed at the transmitter in simplex mode. As a section of
the transmission channel passes through Earth’s atmosphere, this results in the introduction of distur-
bances, due to the presence of turbulence in the different layers of Earth’s atmosphere.

Therefore a functional FSOC system must possess precise and efficient pointing capabilities at both
receiver and transmitter ends, such that the communication channel has the capacity to compensate
for the atmospheric disturbances. Therefore the Pointing Acquisition and Tracking (PAT) system must
comply with stringent angular and angular-rate pointing requirements.

While there is plenty of contemporary research regarding the design and testing of ground-based
Optical Communications Terminals (OCT’s) meant for FSOC, currently, there is a gap in knowledge
regarding mobile OCT’s. Therefore the focus of this work has centered on the expansion of knowledge,
by investigating the achievable performance of a mobile OCT placed on board a Royal Netherlands
Navy frigate-size ship. To summarize, this thesis has centered on answering: What is the strategy
to simulate and control the effects that ship-wave disturbances have on a mobile Dual-Stage Optical
Communications Terminal to determine if the achievable pointing precision is sufficient for performing
Free Space Optical Communications in naval environments?

To answer this a simulation strategy has been employed to divide the work required to answer this
question into 3 main steps. Besides this strategy, literature research has been performed to determine
suitable system and sub-system requirements in close cooperation with the customer and research part-
ner the Royal Netherlands Airforce (Koninklijke Luchtmacht). The 3 key requirements are as follows:
PATR-01: The total angular (static) and angular-rate (dynamic) Root Mean Square (RMS) pointing jit-
ter error, shall not exceed 50 [urad] / [urad/sec]. PATR-01-01: The precise pointing actuator model
shall approximate the dynamics and performance characteristics of the Optics in Motion OIM5001 Fast
Steering Mirror (FSM). PATR-01-02: The coarse actuator model shall approximate the dynamics and
performance characteristics of the PlaneWave instruments L-350 direct drive telescope mount.

The first step regarding the implementation of the simulation strategy has been the incorporation
of the recordings from an inertial measurement system (sampling rate of 200 Hz) on board a Royal
Netherlands frigate-sized ship, into the performance analysis. These measurements provide the an-
gular and angular-rate disturbances, which the dual-stage communications terminal would require to
compensate for. These disturbances are of a stochastic nature, since (as of writing) there are limited
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time-based simulation tools that can accept signals/disturbances of a stochastic nature. The decision
was made to perform the analysis in the frequency spectrum, where the disturbance signals are repre-
sented as Power Spectral Density (PSD) functions.

The second step involved the development of a simulation that is capable of approximating the
performance characteristics of a dual-stage mobile OCT. To complete this step, the focus centered on
creating 3 separate simulation models, each allowing for the expansion of the capabilities of the previ-
ous models. These include the Precise Pointing Actuator System (PPAS) that centered on recreating
the closed-loop system dynamics of the FSM OIM5001, as an LTI spring damper system, paired with
a PID controller and a Quadcell Photodiode (QPD) tracking sensor sampling delay. The QPD tracking
sensor errors are included in the analysis in the form of an additional PSD disturbance signal.

The Coarse Pointing Actuator System (CPS) centered on modeling the L-350 gimbal telescope
mount, as an LTI spring damper system, paired with a Pl controller and the same QPD sampling delay.
Lastly, the 3rd model (DSAS) centered on combining the previous models into a combined dual-stage
chief-deputy controller configuration, where the chief stage (PPAS) is being actively off-loaded by the
deputy stage (CPAS).

The last step of the simulation strategy has been the determination of the achievable performance
of the 3 simulation models. To achieve this the Dynamic Error Budgeting (DEB) design analysis has
been utilized, as it allows for the determination of the performance of a system, to which stochastic
disturbance signals are applied.

From the performance results, it is possible to argue that individual actuator stages are unsuitable
for FSOC in naval environments. While the performance results of the PPAS simulation model result
in pointing angle and angle rate errors of ~ 24.6 % and ~ 43.6 % below PATR-01. The angular range
requirements go beyond those achievable by the FSM actuator standing at = 49.06 degrees, while the
actuator specification states a maximum range of +3 degrees [38].

While the performance results of the CPAS indicated achievable actuator effort and controller torque
requirements, the system is incapable of complying with the pointing requirements remaining ~ 234.6 %
above the allowable pointing angle error requirement and =~ 234.6 % above the allowable pointing
angle-rate error.

With an understanding of the performance limitations of individual stages, it is now possible to moti-
vate the need for a dual-stage optical communications system. Therefore it is now relevant to discuss
the performance results of the DSAS, which are comprised of multiple controller bandwidth configu-
rations. Notable from these results are the highest performance configurations with chief and deputy
controller configurations of 398/500 Hz and 765/500 H z. Both of these are capable of complying with
the pointing requirements each remaining ~ 5.5% and ~ 46.3% below the pointing angle rate, while
both achieving to remain > 90% under the pointing angle requirement. At the highest two performance
configurations, it can be seen that the deputy controller requires ~ 12 N x m and has a power con-
sumption of ~ 94 W, which is an increase from the base configuration of ~ 66.2 % and ~ 412.8 % both
still falling within the actuator specifications. Another relevant outcome is the significant reduction in
angular range requirements of the chief actuator, where for the highest performance configurations it
is only required 1.2 — 1.4 mdegrees of range.

With the DSAS performance results, it is of relevance to verify and back up such findings, this end
3 verification steps have been performed. The first step involved the demonstration of the correct func-
tioning of the frequency analysis, this has been obtained by passing a test signal with known properties
through the entire frequency analysis pipeline. It was then possible to determine that the estimated
properties differ from their original properties by only an average of 2%. The second step involved
verifying the control design of the DSAS, to achieve this the transfer functions developed under this
work, were compared against equivalent transfer functions from research papers, which were found
to be equivalent to each other. The last step involved verifying the performance results obtained from
the DEB design approach, to achieve this an alternative time analysis simulation has been utilized to
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reproduce the performance results. The difference between the results obtained from the alternative
simulation methods and DEB analysis remains at a margin of 1.3 — 2.8 %.

In conclusion, it is possible to argue that for that a Dual-Stage optical communications terminal with
a chief-deputy controller configuration of 398/500 Hz or 765/500 Hz can be capable of performing
FSOC in naval environments by fulfilling PATR-01 pointing requirements and PATR-01-01, PATR-01-
02 actuator specification sub-requirements, with a preference for the higher-bandwidth configuration.

Regarding future work, it is possible to recommend extending the sampling frequency to 10-20
K H z for the inertial measurements, as this could allow to recreate phenomena that could be occur-
ring at higher frequencies. Another crucial recommendation would be the expansion of the simulation
models into specific models obtained from system identification, as these could potentially improve the
estimates regarding torque and power requirements of the deputy stage of the DSAS, which has been
approximated via simple geometry.
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Introduction

1.1. Background

Wireless Optical Communication (WOC) has recently become a viable complementary technology in
addition to existing Radio Frequency Communication (RFC). One of its critical advantages over exist-
ing RFC is its significant increase in carrier frequency, since ”it is a well-known fact that an increase in
carrier frequency increases the information-carrying capacity of a communication system” [24]. WOC
has several critical advantages over existing RFC, namely tariff-free bandwidth allocation, low on-board
power requirements and improved channel security. Due to the rise in global tensions, the last advan-
tage can prove a crucial asset for military applications.

Recent advances in Vertical-Cavity Surface-Emitting Lasers (VCSEL'’s), Avalanche Photodiodes
(APD’s), Adaptive Optics, Real-Time Control, Active Optics, etc, all have allowed addressing the chal-
lenges of WOC, increasing the Technology Readiness Level (TRL), thus driving the increase in practical
applications of such technology. With such developments, WOC has been identified to hold many com-
mercial and military applications, within such a variety of applications, Ground to Low-Earth-Orbit (LEO)
applications are of special interest for this work. WOC for ground-to-LEO or LEO-to-ground applica-
tions is often referred to as Free Space Optical Communication (FSOC). To visually represent some of
the potential applications offered by FSOC, see Figure 1.1.
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Figure 1.1: Possible communication link applications of FSO by [45]
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FSOC systems are typically made up of 3 main functional elements these are; the transmitter, the
transmission channel -and the receiver. The fundamental working principle is based on modulating
information of the signal into an optical carrier, this is performed at the transmitter end. Once the signal
is modulated it is then propagated through space and Earth’s atmosphere, serving as the transmission
channel. The communication is complete once the signal is received and demodulated at the receiver
end, with the help of an Optical Communications Terminal (OCT).

Typical challenges of performing FSO communications are related to disturbances introduced by
Earth’s atmosphere, as well as strict pointing requirements of both receiver and transmitter ends. The
strict pointing requirements are a result of working with optical carrier waves with high frequencies
(i.e. low wavelength sizes). The International Commission on Illumination [18] has classified optical
radiations into three main categories, these include IR-A (700 to 1400 nm), IR-B (1400-3000 nm) and
IR-C (3000 nm to 1 mm). For further information about the classifications of the optical wavelength
spectrum, readers are referred to the references contained in the paragraph.

To be able to perform FSOC it "requires a Line Of Sight (LOS) connection between transmitter and
receiver for the propagation of information from one point to another” [24]. Achieving LOS for an FSOC
system is one of the most challenging aspects, since "near-infrared laser wavelength’s narrow beam
divergence leads to the requirements for precision beam pointing by both ends of the link, often on the
order of a few micro-radians”[35].

To provide the reader with a physical representation of the pointing requirements, it is possible to
compare the estimates of the relative spot size (at Earth’s surface) taken by a radio frequency signal
at 30 GH z (Ka-band) to the one of an optical signal at 1550 nm (193.4 T'Hz). It is possible to estimate
the apparent spot size via Equation 1.1, which performs an estimate over the Half-Power Beam Width
(HPBW), which is a measure of the angular width of the main love of an antenna radiation pattern,
further information about the derivation of the equation and its assumption can be found on [2].

70 % A
OupBw ~ SRL A (1.1)

Dantenna

Where A corresponds to the optical wavelength size of the signal and D,,ienna COrresponds to the
diameter of the antenna. Next by utilizing trigonometry and a small angle approximation, it is possible
to relate the HPBW to an estimated guess of the relative spot size of the radio/optical signal at the
earth’s surface via Equation 1.2

0
Wspot size — 2 % Rsat * tan(@) (1 2)

Where R,,; is the distance from Earth’s surface to the satellite. Making use of both equations it
is then possible to roughly estimate the relative spot size for radio-frequency and optical signals from
satellites placed at different orbits. Visible in Figure 1.2, are three images relating three different spot
sizes, the left figure corresponds to a radio-frequency signal (at 30 GHz ) sent from a Geostationary
orbit at an approximate distance of 36000 K'm and with an antenna size of 2 meters. The centerimage
corresponds to the same Geostationary satellite but for an optical signal at a 1550 nm wavelength and
assuming a smaller satellite antenna of 0.1 meters. The right figure corresponds to a low-earth orbit
satellite at an approximate distance of 1000 K'm from the surface sending an optical signal at 1550 nm
wavelength and as well assuming a smaller satellite antenna of 0.1 meters
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Figure 1.2: Earth surface spot size comparison between radio frequency Ka-band and optical communications for
Geo-stationary and Low-earth orbit satellites, images taken from [9].

1.1.1. Pointing, Acquisition & Tracking subsystem

A functional FSOC system must possess precise and efficient pointing of narrow optical beams at both
receiver and transmitter communication ends. To achieve this, the Pointing, Acquisition and Tracking
(PAT) subsystem follows a sequential approach, which targets the gradual reduction in pointing errors
via the employment of interconnected coarse and fine pointing mechanisms, as "Implementing an op-
tical link involves an orderly process that reduces the initial pointing error and enables efficient use of
the narrow beam” [35].

As of this writing, there are two main approaches regarding the type of terminal/receiver design of
the PAT subsystem, these include a beacon and a beaconless design. For this work, the efforts are
concentrated on a beaconless design, in fulfillment of the requirement OCT-10 outlined in [1], which
defines interoperability specifications, for optical communications systems employed by the Space De-
velopment Agency (SDA) and its partners. Complying with this set of standards is necessary, as it
conforms to part of the mission requirements of this research. The mission requirements are discussed
in further detail in chapter 2.

The process of acquisition starts with the co-alignment of the LOS of both the receiver and trans-
mitter. Utilizing precise positional information of both terminals, coalignment can be achieved by direct
open-loop pointing. The estimated pointing error between terminals is referred to as an Uncertainty
Cone (UC). After both terminals point in the estimated direction of their respective counter terminal, the
spatial acquisition process starts by engaging the master-slave mode. During this mode, the master
terminal emits light and spirals the UC with its low divergent transmit beam, while the slave terminal
should receive a light pulse once per scan.

The receiving (slave) terminal will successively reduce its UC with each light pulse detection, this
allows for correcting the pointing resulting in a reduction in the step size. After a sufficient number of
scans, the master terminal stops scanning and transmitting, at this point the slave terminal has been
correctly aligned to the master terminal, then the orders are reversed where the former slave terminal
takes the role of the master terminal. This allows for re-scanning and re-alignment between terminals,
sequentially decreasing the size of the UC, until a certain alignment threshold is reached, at this point,
spatial tracking has been accomplished. Figure 1.3 provides a visual representation of this process.
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Figure 1.3: Acquisition modes sequence approach for a beaconless Master-Slave algorithm [58]

Now with the initial acquisition complete, the next step involves the synchronization of each plat-
form clock, often achieved by relaying predetermined bit patterns. Next is the continuous correction
of the boresight (i.e. alignment between transit and receiver laser terminals), typically achieved with
end-to-end power-on-target algorithms. The last step involves continuous maintenance of the commu-
nication link, to achieve this continuous corrections for the relative velocity between terminals and the
finite velocity of light need to be performed.

1.2. Research objective
1.2.1. The challenge

As discussed in the previous section, one of the main challenges regarding effective FSOC is complying
with strict pointing and tracking requirements. While the focus of this research lies entirely on the OCT
receiver communication end, the difficulty of complying with such requirements is further increased, by
operating in a dynamic environment such as the one on board a ship. What could be expected is that
significant disturbances are introduced into the OCT, the extent to which those disturbances affect the
accurate and precise pointing of the PAT subsystem is not yet known, thus critical to determine during
this research.

To better understand the challenge posed by introducing ship-wave interactions, it is then useful
to delve into the expected frequency spectrum of such interactions. The absolute wave spectrum has
been thoroughly investigated, where it has been possible to classify the types of waves based on their
frequency range "Virtually all the energy of the spectrum is contained in two of the period ranges: the
ordinary gravity waves and the ordinary tides. These are the ones that can be noticed with the naked
eye, the ones that have affected mankind since the dawn of history”[40]. To provide a clear overview of
what type of frequency ranges, Figure 1.4 provides an overview of the frequency and energy spectrum
of ocean waves.
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Figure 1.4: Classification of different types of waves based on their respective periods. Note that the relative amplitude is
indicated by the curve [40]

As visible in Figure 1.4, it is possible to remark that the great majority of energy (amplitude) lies be-
tween 0.01 to 1 Hz frequency range. For this frequency range, only the lower frequency range would
be relevant as "Basically, any ship is a low-pass wave filter and, like in this case, the high-frequency
tail may be “cut off” since the particular vessel does not respond to waves with a frequency higher than
about 0.20 Hz” [43].

1.2.2. Goal of the research

Now having covered the general spectrum of the frequency range at which the ship-wave interactions
are expected to take place, it is then possible to propose a way forward for the overall direction of
the research. Due to the suspected low-frequency range of the main disturbances, which are of large
amplitude but long periods, a dual-stage PAT system is proposed. The dual stage would consist of a
Coarse Pointing Sub-system (CPS) and a Precise Pointing Sub-system (PPS), the aim of splitting the
system into dual stages is for the CPS to mainly take care of large amplitude long period disturbances,
while letting the PPS take care of compensating for the very short period atmospheric disturbances.

While significant technological progress has been made to mitigate the challenges introduced by
Earth’s atmosphere, as of the time of writing, progress is still required to address the challenges intro-
duced by operating FSOC (receiver end) in dynamic environments. Such environments are prone to
introducing disturbances which tend to hamper the pointing accuracy and precision of PAT systems.

Therefore, the aim of the research is to develop a simulation of a dual-stage control system that best
represents the expected behavior of the CPS and PPS. Once the dynamics of the expected behavior
are in the simulation, the actual ship-wave interactions/disturbances can be introduced, which will then
allow to determine the performance of the PAT system under such dynamic environments. To focus
the research in the desired direction, the following main and sub-research questions are posed:

What is the strategy to simulate and control the effects that ship-wave disturbances have
on a mobile Dual-Stage Optical Communications Terminal as to determine if the achievable
pointing precision is sufficient for performing Free Space Optical Communications in naval
environments?

» How to incorporate into the analysis the recorded inertial measurements of the ship-wave motions
as a means to incorporate realistic disturbances resulting from operating in naval environments?

» How to develop a simulation that captures the dynamics of the dual-stage mobile optical commu-
nications terminal suitable for performing Free Space Optical Communications?
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1.3.

What are the performance requirements to achieve the required pointing precision for performing
Free Space Optical Communications in naval environments?

Scope of work

The focus of this research lies in recreating the dynamics of a receiver-end OCT intended for FSOC
in a simulation. The focus covers as well the incorporation of ship-wave interactions/disturbances
measurements into the simulation, as a means to recreate a realistic naval environment in which the
receiver-end would be operational. The ship-wave interactions/disturbances are made available due
to previous works by [53]. The following aspects are considered as topics falling out of the scope of
research:

1.4.

Physical testing via the manufacturing of an equivalent/representative receiver-end prototype ter-
minal. The analysis remains contained to analytic means via actuator simulation in MATLAB.
Recording inertial measurements of ship-wave motions. The research utilizes the aforementioned
data set gathered by [53], with a total duration of 9 Hours and 37 min.

Computer-Aided Design (CAD) drawings or 3d models of the receiver end. The analysis remains
concentrated on the creation of closed-loop control simulation models, which utilize transfer func-
tions to capture the actuator dynamics of the receiver-end terminal.

Correlation between inertial measurements and sea depth. Since the measurements do not con-
tain information on sea depth, the reconstruction of the path of the boat to determine the sea
depth falls outside the envisioned work.

Simulation of the optical path for the precise pointing system. Performing such simulation would
require ray propagation methods, which lie outside the scope of investigation.

Determination of the sources of frequency peaks found in the ship-wave measurements. Since
the ship-wave data set has been obtained from a previous project and currently no additional
measurements are being performed, determining the sources of the frequency peaks lies outside
of the reach of this project.

Structure of the report

The aim of this section is to provide the reader with an overview of how each chapter is interconnected
to each other, as well as to provide a brief summary of the contents that can be found in each chapter.

3 Ship-wave motions frequency
analysis

- Pre-processing of the data set.

5 Single & Dual stage

- Shortand long period data L DEB testing
2 State of the art | sets.
- Creation of Power Spectral Introduction to DEB e
1 Introduction - Mission and system Density and Cumulative power methodolog 6V¢:r|f|cat|on of
& h requirements. spectrum functions. - v = periormance
researc o ) - Derivation of loop results
objectives - PAT systems design gain and loop
iz_? consr]lderatlons. 4 Actuator control loop models sensitivity T.F’s.
- mechanisms o - Actuator angular
comparison. | Loop logic diagrams = ranges and rates ‘
- Transferfungtions of the effort
actua't'ord'ewces. determination. 7 Conclusion of
- Speplflcatlon of detector - Pointing jitter error the report
devices. determination.
- Dual stage loop logic. ‘
- Openand Closed loop 8
performance. X
Recommendations

Figure 1.5: Report structure in which the cascaded relationship between chapters is highlighted by blue arrows.

As visible in Figure 1.5, there is a cascaded relationship between chapters, the relationship be-
tween chapters is also visible in the figure. Starting with the first chapter, the topic in general terms is
introduced, providing general knowledge, that is required to understand the rest of the research, the



1.4. Structure of the report 7

research objectives as well as the scope of research are discussed as well in this chapter. Advancing to-
wards the second chapter, it is then possible to arrive at the state of the art, which focuses on discussing
general PAT system design and considerations. This chapter also discusses the level of achievable
performance with current (as of writing) technology and relevant previous research performed on this
subject. Building upon that knowledge the mission and system requirements are introduced as well as
motivated. Lastly, differences in PAT mechanism are explored and a selection of them is provided as
input for the dual-stage controller design.

Next are the third and fourth chapters which provide critical information for the understanding of the
subsequent fifth chapter. The former chapter centers on the frequency analysis of the inertial measure-
ments of the ship-wave motions. In this chapter aspects such as the steps taken for pre-processing of
the data set, creation of separate short and long-period data subsets as well as the methods utilized to
perform the calculation of the Power Spectral Density and Cumulative Power Spectrum functions are
covered. In the latter chapter, the focus lies on the determination of transfer functions that represent the
actuator dynamics, specification of the detector performance, derivation of the state space model for
the dual-stage controller design. The chapter concludes with a discussion of the closed-loop controller
path logic.

The fifth chapter builds on the information covered by the two previous chapters, to focus on the
diverse aspects of Dynamic Error Budget (DEB) analysis. Critical to understanding the analysis, the
chapter starts by providing a brief introduction to the methodology utilized to perform the analysis. It
then covers the Loop Gain and Loop Sensitivity functions of the different control loop logics, providing
crucial information about the performance of the different control loops. Following the same logic the
Open and Closed loop are subsequently discussed, to provide an idea of the achievable performance
of the different control loops and the difference in response of the different actuator systems. With that
covered the chapter then goes on to present the results of performing the DEB analysis, as to deter-
mine the required actuator angular ranges as well as the rotational rates, as well as the controller effort
involved. By utilizing the outcomes of these results, estimates are then given regarding the pointing
jitter error achieved by the different setups. This chapter concludes with a summary of the achieved
results and a summary of the performance requirements to achieve multiple levels of pointing precision.

The sixth chapter covers the methodology utilized to verify the performance results acquired in
previous chapters. It covers the frequency processing pipeline, closed-loop and sensitivity transfer
functions as well as the frequency responses acquired via Dynamic Error budgeting. The seventh
chapter provides a conclusion to this research by attempting to provide clear and conclusive answers
to the research questions posed earlier. Lastly, the seventh chapter provides recommendations for
future research work on this topic.



State of the art

This chapter aims to provide general information to the reader, as to better understand the rest of
the work performed during this research, as well as to provide an overview of the current level of
development of relevant technologies, as well as discussing relevant research performed in this subject.
The chapter starts by introducing general PAT system design considerations, covering aspects such
as the sources of uncertainty, pointing errors, it then concludes this section by outlining the mission
requirements. Next, the different types of PAT mechanisms suitable for FSOC are presented and
compared to each other, a table with current achievable levels of performance is also provided. The
section then motivates briefly the chosen dual-stage configuration, then it proceeds to introduce and
motivate the PAT system requirements. The last section of this chapter concludes by discussing the
type of ship-wave motions that are to be expected, the initial results of the frequency analysis, and
building on the initial results an overview is also provided with respect to relevant research performed
in this subject.

2.1. PAT system design and mission requirements

In chapter 1 the challenge of achieving initial acquisition was introduced, where an open-loop pointing
procedure is to be utilized by beaconless Optical Communication Terminals (OCT) to systematically re-
duce the size of the Uncertainty Cone (UC). This section intends to explore further the details involved
with initial target acquisition for effective FSOC, as well as outlining the requirements regarding pointing
accuracies of OCTs, it then concludes by providing a brief overview of the common mechanism em-
ployed in PAT systems design. Note: the tracking phase part of PAT systems is considered outside
the scope of work.

A critical aspect to consider for PAT subsystems is their initial Uncertainty Area (UA), which directly
contributes to the size of the UC. The UA is a critical parameter to consider, since a large UA paired
with a single narrow communications beam (characteristic of beaconless PAT designs), can result in
impractical acquisition times. Two main sources contribute to the size of the initial UA, the former
encompasses the attitude -and ephemeris data that corresponds to the orbital trajectory of the LEO
satellite, while the latter corresponds to the gimbal pointing errors of the OCT. To provide an organized
overview of the different sources and the magnitude of their pointing error contributions, Figure 2.1
aims to provide an overview of them.
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Figure 2.1: Main contributors to initial Uncertainty Area [24]

With an understanding of the multiple sources of pointing errors, next is to discuss the scanning
technique, utilized for initial target acquisition. In contemporary literature, is possible to find several
acquisition approaches. For this work, spiral scanning is of relevance not only because it is the primary
scanning mode required by [1], but also is "the most efficient spatial acquisition technique as it is very
easy to implement” [24]. The main characteristics, as outlined in the works by [35], include benefits such
as a common laser beam (utilized for both acquisition and communication purposes), a less expensive
sensor, no need for defocusing optics, etc. While the downsides include aspects such as the increase in
difficulty for eliminating intensity dropouts, rapid scanning commands can place significant stresses on
steerable optical elements, etc. Typically there are 2 types of implementations of spiral scanning these
include continuous and step, for clarity purposes, Figure 2.2 provides an overview of the differences
between them.

2
(1]

7\

2 -
AN,
(a) (b)

Figure 2.2: Two main approaches for spiral scans, a) corresponds to a continuous spiral approach, while b) is a step spiral
approach [24].

o

Using the approach described in [24], it is possible to describe in a compact form, the trace of the
spiral scan, utilizing polar coordinates, as shown in Equation 2.1.

_ Lo

ry =
2T

05 (2.1)
Where Ly represents the step length which is related to the beam divergence angle (64;,) and the
overlap factor (Fp), as described in Equation 2.2. Note that 0, corresponds to the current pointing
position.

Ly = 04;,(1 — Fp) (2.2)

From Equation 2.2, is possible to derive 2 main conclusions, the former relates to the fact that increasing
f4iv, results in a direct linear increase in the trace of the spiral scan, while minimizing the overlap factor,
provides an alternative for increasing the trace of the spiral scan, as increasing 60,;, often requires
increases significantly the available transmission power. Next, in Equation 2.3 the scan time from an



2.1. PAT system design and mission requirements 10

initial point at (0,0) to (rs, 6,) is presented.

762 R
T(rs) =~ 73 (TR + 26> (2.3)
Where Tk corresponds to the response time of the receiver acquisition system, R is the link range and
C corresponds to the velocity of light in vacuum. By averaging the single-scan acquisition time with
respect to the Probability Density Function (PDF) of the satellite position and integrating the area under
the curve, it is then possible to arrive at Equation 2.4.

_ 270 02, 02, R

In Equation 2.4, the relationship between the multiple components that contribute to the total single-
scan acquisition mean-time can be seen, two parameters are of interest, these include the pointing
error (o), and the transmitter Field Of Uncertainty (FOU) (0y). To provide an overview of how these
parameters impact the total acquisition time Figure 2.3

70 T T T T T T T T

== = 2 mrad

Single Scan Mean Acquisition Time, TSS (s)

GU (mrad)

Figure 2.3: Total single-scan acquisition time on the vertical axis, while the horizontal axis corresponds to the FOU, for
different pointing errors [24]

Now from Equation 2.4 it is possible to see the importance of a low pointing error paired with a
low FOU, as to minimize the total acquisition time and guarantee effective means of communication.
Referring back to Figure 2.1, so far the discussion has been centered around static pointing errors
and how they impact the acquisition process. However static pointing errors are only half of the story
regarding FSOC, the other pointing errors that must be accounted for are regarding dynamic angular
pointing jitter errors. These refer "to the uncertainty of the instantaneous direction of the optic axis
with respect to the direction of the desired line of sight” [64]. Sources of these types of pointing errors
include vibrations introduced by the OCT, scintillation due to atmospheric turbulence, etc. To provide an
overview of the differences between static pointing error and dynamic pointing jitter, Figure 2.4 provides
a visual representation.
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Figure 2.4: Differences in pointing errors [54].

Now with an overview of the general design drivers of PAT systems as well as an understanding of
the differences in pointing errors, next is to introduce the mission requirements. As visible in Table 2.1
there are 2 main mission requirements, which outline the objectives to be reached by the system de-
signed in this work. These requirements are the result of performing this work in collaboration with the
Royal Netherlands Air Force (Koninklijke Luchtmacht) as well as the overall objective of the thesis.

Table 2.1: Mission requirements

Requirement

identifier et

The mobile OCT system shall be compatible with the Space Development
MSR-01

Agency OCT standard.
MSR-02 The mobile OCT system shall have the capacity to be fitted into and oper-

ated from the Royal Dutch Navy (Koninklijke Marine) frigate-sized ships.

2.1.1. Types of fine PAT mechanisms

Fine PAT mechanisms play a crucial role in both static and mobile FSOC systems, especially when
they are designed to utilize a narrow communication beam. The fundamental objectives of such mech-
anisms, are to increase the angular steering speed and accuracy. While there are several types of PAT
mechanisms, the focus of this sub-section will be specifically on the ones relevant for mobile FSOC
applications, as well as being mature enough such that performance quantities such as their achiev-
able pointing resolution are known. NOTE in compliance with [1] Requirement OCT-007, the scope
of this subsection also does not include hybrid RFC-FSOC PAT mechanisms, as OCT terminals shall
perform the PAT process without access to real-time side channels for communication and coordination.

The first mechanism to be looked at is gimbal-based PAT mechanisms, which are characterized
by mechanically rotary platforms that are controlled by motors. The mechanical rotary joints provide
two or three degrees of freedom for the gimbal. "These types of systems are preferred specially fit for
transceivers that require a wide angular range of motion” [34]. However, the wide angular range of
motion comes at the price of a relatively coarse pointing resolution (large step size). "The large mass
of a gimbal is another limitation” [27]. Because of the large-sized servo/stepper motors required to
rotate the gimbal, it is typically not suitable for mobile stations with stringent mass limits. To provide a
visual overview of such mechanisms, Figure 2.5 provides an overview of a typical 2 degrees of freedom
gimbal mechanism.
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Figure 2.5: 2 degrees of freedom typical gimbal configuration, mounted to a vertical base frame [28]

Next is the discussion of mirror-based PAT mechanisms, these mechanisms are characterized by
the employment of Fast Steering Mirrors (FSMs) to achieve stabilization, pointing and tracking. The
fundamental working principle is the deflection of the incident beam into the location of the detector.
Such mechanisms are characterized by their compactness which results in low power consumption
and low mass. "FSMs are light of weight because the mirror they move have a small mass”[25]. The
small mirror mass allows for "FSMs to have a high steering speed and fine pointing resolution (e.g.,
sub-prad)” [66]. However there is a major drawback of FSM, it is related to "their limited angular range
of motion that may restrict their field-of-view for data acquisition/tracking” [66]. To provide an overview
of how such a mechanism could look like Figure 2.6 provides an overview of a voice coil-activated 2
Degrees Of Freedom (DOF) FSM.

Multi degree of freedom (DOF) mechanism

r \
i - Rotational: 2 DOFs
Translatrlonal. 1 DOF e C:/
Displacement

Sensors

Actuator

Figure 2.6: A FSM capable of multiple Degrees Of Freedom (DOF) by mechanical mirror rotation utilizing voice-coil actuators
[56]

The next PAT mechanism involves Adaptive Optics (AO). AO has an extensive heritage derived
from astronomical telescopes, as these mechanisms can compensate "wave-front distortions of optical
waves through atmospheric turbulence by using Deformable Mirrors (DMs) and wave-front sensors”[59]
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[61]. The main characteristics of AO involve the capability of low & high order beam aberration cor-
rection as well as nano-scale beam steering. While this system is typically primarily utilized for the
improvement of detector coupling, its nano-scale beam steering capabilities can still form part of PAT
system with limited angular range.

The fundamental working principle of AO is the actuation of several individual members along verti-
cal and horizontal arrays to deform a membrane in 3-dimensional space. The nano-scale beam steer-
ing capabilities are of special interest, as AO are able to obtain one of the highest position resolutions
among all PAT subsystems, they are capable of an "Average Step Size <1 nm (equivalent to a <nrad
resolution)’[63]. However, such a high positional resolution, results in an even more restricted angular
range when compared to FSMs, as typically "the maximum actuator displacement is in the range of a
few um” [63]. To see an overview of the layout of a typical AO with a Micro-Electro-Mechanical System
(MEMS) actuating a DM, refer to Figure 2.7.

Reflecting layer Post

Top electrode Adhesive

Si elastic

A=A cross-section view

Figure 2.7: Schematic figure of a MEMS DM, AO mechanism. The silicon membrane is actuated by an array of PZT actuators
[67]

The last PAT mechanism to be covered includes Liquid Crystals (LCs) based PAT mechanisms.
These mechanisms are non-mechanical as they rely on thin electrodes to manipulate the direction of
an incident beam. The fundamental principle lies in manipulating a "one-dimensional array of tens of
thousands of long thin electrodes to manipulate the amplitude or phase pattern of a light beam” [65].
By applying specific voltages to each of the electrically addressable pixels of the device the refractive
index of each of the LCs can be modified, as to produce a modulated wavefront or a diffractive grating
which in turn allows for the deflection of the incident beam into a specific direction.

The main advantages of LCs include component affordability, low power consumption, low mass
and "the ability of agile redirection of the steering elements, over the mechanical light modulators and
conventional DMs” [65], [11]. However, the greatest drawback is their low angular motion “typically in
the range of + 4 mrads” [49]. In Figure 2.8, an overview of a LCs in a transmissive configuration for
spatial light modulation of incident light, is provided.
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Figure 2.8: LCs in a transmissive configuration, which allows for spatial light modulation of an incident beam [25]

With the general specifications of the relevant PAT mechanism having been discussed, it is now of
relevance to discuss how each of these mechanisms compares to each other. Table 2.2, presents the
main performance parameters applicable to the PAT mechanisms under consideration. A total of five
performance parameters allow us to discern quickly the differences between mechanisms.

The first parameter is regarding angular steering acceleration, which indicates the responsive-
ness of the mechanism to turning itself, to align the incident beam into the desired direction. The
second parameter centers on Pointing resolution, which indicates the maximum amount of precision
to which the mechanism can direct the incident beam. The third parameter focuses on Angular motion,
which points out the maximum displacement range of the mechanism, such a parameter is relevant for
determining the achievable Field Of Regard (FOR).

The fourth is dedicated to outlining the Steering mechanism which the PAT mechanism relies on
to provide steering motion, such a parameter allows us to determine if there is the possibility to further
tune the mechanism to better match the desired specifications. Lastly, the fifth one is dedicated to
Technology Readiness Level (TRL) as a measurement system to assess the level of maturity of the
different PAT mechanisms. This parameter is crucial to designing a system that can be practically
implemented in the foreseeable future. The scaling for this parameter follows the guidelines outlined
by [42].
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Before continuing to the next section, it is necessary to comment on an aspect related to classifying
the TRL level for Gimbal systems. The high TRL level of Gimbal mechanisms is due to the aspect that
the coarse pointing system of the LCT in [16] is being considered a variant of gimbal mechanisms, thus
placed in the "flight proven” level. With the differences in performance of PAT mechanisms presented,
it is now relevant to center on describing the level of performance that the PAT system needs to be
capable of meeting.

2.1.2. PAT system requirements

With an overview of the type of performance differences expected from PAT mechanisms, it is now
relevant to center on describing the performance level that is required to meet mission requirements.
To achieve this, Table 2.3 provides an overview of the main PAT system requirements with a detailed
description. Motivation for the requirements can be found underneath the table.

Table 2.3: PAT system requirements

Requirement

identifier SR

PATR-01 The total angular (static) and angular-rate (dynamic) Root Mean Square
(RMS) pointing jitter error, shall not exceed 50 [urad] / [urad/sec] .

PATR-02 The total angle of the Field Of Uncertainty (FOU) shall not surpass 7.2
mrad.

PATR-03 Total acquisition time shall not surpass the 66 second threshold mark.

The following section provides an overview of the motivation behind the requirements outlined in
Table 2.3. PATR-01, has been derived utilizing a combination of 2 key customer design drivers. The
first design driver is the envisioned divergence angle to be utilized by the mobile OCT. The divergence
angle allows us to determine the spread of the laser beam, as it propagates through a medium. The
second design driver is the allowable Bit-Error-Rate (BER) for a given output laser power. The BER
can be utilized to quantify the number of bit errors occurring during transmission, relative to the total
number of bits transmitted.
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Combining these 2 design drivers, as well as utilizing the optimum ratio between the divergence an-
gle and pointing jitter error method proposed by [64], it is then possible to define the allowable angular
pointing jitter error. For a system that is envisioned to employ a divergence angle (6,;,,) of 330 urad,
with an allowable BER of 1075, the allowable total angular pointing jitter-error is 50 urad (RMS). Note:
The divergence angle and pointing jitter-error have been selected in collaboration with the customer
research organization.

The next is requirement PATR-02, which has been derived utilizing the expected receiver terminal
pointing errors and an accurate positional error estimate of Two-Line Elements (TLE) orbital positional
information by [52]. TLE’s were selected as a worst-case (conservative) scenario, in case more ac-
curate orbital position and determination systems are not available. The expected customer terminal
total pointing error (host uncertainty error) has been set at 1 mrad, while the positional error has been
defined as + 2.6 K'm (combining both Along track and Cross-track satellite position errors).

The envisioned OCT satellites (at the receiver end) have an altitude of 1000 K'm, with the positional
error of TLE’s, which then leads to a positional error half angle of 2.6 mrad. Adding both half angles to
derive the complete positional error cone, as well as adding the host uncertainty error, it is then possible
to arrive at the 6.2 mrad of the total angle of FOU.

Lastly is requirement PATR-03 which has been derived as a direct result of MSR-01, under require-
ment OCT-016 in [1]. It outlines a limit on the total maximum acquisition time of under 100 seconds.
To guarantee that the maximum threshold of acquisition time is not reached, the maximum acquisition
time has been divided by a safety margin of 1.5, leading to the effective acquisition time requirement
of 66 seconds.

For a PAT system to achieve fast-tracking capabilities, it requires employing mechanisms with the
capacity to achieve high angular steering accelerations. Thus PAT mechanisms such as FSMs, AOs or
LCs are particularly suited for such tasks. However, the fact that it is envisioned to be a mobile FSOC
link also places a requirement of a wide FOV, which in turn requires mechanisms with a wide angular
motion. As visible from the summary provided by Table 2.2, there are no individual mechanisms with
both a wide angular motion and high steering accelerations. Thus for mobile FSOC systems often
combinations of several PAT mechanisms are employed, typically a Gimbal mechanism is paired with
an FSM and/or AO mechanism to obtain both objectives, such combinations have been utilized in the
works by [60], [25], [50], [51], [26], [29], [31].

2.2. PAT modeling sub-system requirements

With the system requirements presented and motivated, the next step involves the presentation of the
modeling sub-system requirements. This set of sub-requirements aims to specify the type of actua-
tors that are to be represented via simulation of the Dual-stage OCT. These have been defined in
consultation with the Royal Netherlands Air Force (Koninklijke Luchtmacht) and represent Commercial-
Off-The-Shelf (COTS) components.
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Table 2.4: PAT modeling sub-system requirements

Requirement _—
identifier BRI
PATR-01-01 The precise pointing actuator model shall approximate the dynamics and
performance characteristics of the Optics in Motion OIM5001 FSM.
The coarse pointing actuator model shall approximate the dynamics and
PATR-01-02 performance characteristics of the PlaneWave instruments L-350 direct
drive telescope mount.

2.3. Ship-wave motion & relevant previous research

In the previous section, an overview of PAT systems and mission design has been provided. Typically
such overviews in the context of FSOC are envisioned primarily for ground stations. This is expected,
as currently the majority of contemporary research targets such applications. However, for the scope
of this work and as part of MSR-02, the focus lies on a mobile OCT that can be fitted and operated
from frigate-sized ships.

Therefore it is now of relevance to discuss the type of dynamic environment to which a Naval OCT
terminal would be exposed. To facilitate this discussion, Figure 2.9 provides an overview of the standard
notation and sign convention of the motion of a ship. The ship-wave motion can be described by a 6
DOF rotational joint relative to a fixed frame of reference, these can be further split into; three rotations
(roll, pitch & yaw) and three translations (surge, sway & heave).

Inertial Frame 0 0

r, N

Body-fixed frame

Heave
20, W, Z

Figure 2.9: Standard notation and sign convention of ship-wave interaction/motion [47]

With the sign convention of the interaction between ship and waves covered, it is now relevant to
point out that modeling such perturbances requires stochastic models as "ocean waves are random in
terms of both time and space”[47]. Since the attention of the work is on the stabilization and precise
pointing aspects of mobile FSOC, the development of such stochastic models is left out of the scope
of work.
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Instead, the focus lies on utilizing the data sets gathered by [53]. During this research, measure-
ments were performed utilizing an onboard Inertial Measurement System (IMS) with a sampling band-
width of 200 Hz, onboard Royal Netherlands Navy (Koninklijke Marine) frigate-sized vessels. The
research aimed to capture accurate rotational angles and rotational rates of the vessels, to record the
ship-wave interactions as well as other disturbances, introduced onboard an operational vessel. A plot
of the complete time-varying data set, of the pitch rate motion, can be seen in Figure 2.10.

Pitch motion

Angle [degrees]

0 0.5 1 1.5 2 25 3 3.5
Time [s] x10%

Figure 2.10: Pitch rate motion with an amplitude in degrees plotted over sampled time in seconds (Total sample duration of 9
Hours and 37 minutes)

Drawing detailed conclusions from data in the time domain can prove challenging, as the different
interactions can be intertwined with each other. An effective method to separate the different interac-
tions, to assess their impact on the performance of the mobile OCT, is to instead perform the analyses
in the frequency domain. This is covered in further detail in chapter 3, where the methods to convert
time-varying data to frequency data, as well as different functions to perform different types of analyses,
are covered in further detail.

2.3.1. Relevant previous research

The aim of this subsection is to provide a brief overview to the reader, of the previous research which
has been performed on mobile FSOC OCT’s. The objective is to outline what has been achieved until
now (as of writing) as to identify the scientific gap that this work aims to fulfill.

In the last decades, massive advancements have been achieved regarding FSOC. A clear high-
light of such advancements is the National Aeronautics and Space Administration (NASA) Deep Space
Optical Communications (DSOC) experiment onboard the PSYCHE spacecraft. The DSOC aims to
demonstrate the capacity to perform optical communications at extreme distances as "The optical com-
munication link would be demonstrated during the Cruise Phase of the Psyche mission over Earth-probe
distances ranging from 0.1 to over 2 astronomical units (AU)” [14] [n.b. 1AU ~ 149.6X10% Km].

To achieve effective communication at such extreme distances an accurate and precise PAT sys-
tem is required. While is difficult (as of writing) to find publicly available information about the specific
performance specifications of the DSOC, it is possible to compare it to the Lunar Laser Communication
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System (LLCD), which exemplifies an OCT intended for extra long range communications. The LLCD
has been developed jointly by the Massachusetts Institute of Technology (MIT) Lincoln Laboratory and
NASA."The LLCD successfully demonstrated a 622 Mbps lasercom link from lunar orbit” [21].

To achieve this, the PAT system contains 5 stages, while body pointing is not considered directly
part of the PAT system it has a relatively strict pointing requirement of 100 urad RMS in each axis
to support compatibility with the LLCD” [3]. From that starting line the first stage includes a two-axis
gimbal capable of executing coarse adjustments. Adding to that are the transmitter and receiver fibers,
which have two-axis linear stages, for the receiver fiber this enables nutation (fine) tracking of the up-
link signal, while for the transmitter fiber, it implements the point ahead angle required for the downlink
signal. "The overall pointing accuracy is within 2.5 urad” [3]. Figure 2.11 provides a visual overview of
the LLCD PAT system.
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Figure 2.11: lllustration/rendering of the LLCD inertially stabilized telescoped by [3]

Now having discussed some of the extreme long-range FSOC systems, the focus now returns to
ground-based OCT meant for mobile applications. Currently (as of writing) there is a significant gap
in publicly available information regarding the performance and design of mobile ground OCT stations.
One of the few projects that closely resembles the naval setting of this work, is the Trident Warrior
(2006) exercise conducted by the United States Naval Research Laboratory (NRL) in which a dual-
stage PAT system was effectively utilized for short optical communications, "Over 10 hours of link data
was recorded at ship-to-ship ranges up to 17.5 km” [51].

Before delving into the details of this system it is relevant to point out the fact that this communi-
cations link utilizes a Modulating Retro-Reflector (MRR) communications link, the key difference being
the fact that the transmitter emits a continuous optical beam towards the receiver, which contains both
a retro-reflector and a modulator system. By varying the reflective properties of the retro-reflector al-
lows to encode data into the reflected beam. One of the key advantages of MRR are the relative loose
pointing requirements "the pointing requirements for the MRR are very loose. A gimbal-mounted MRR
only needs a pointing accuracy better than the retroreflector’s field of view. For glass corner-cube retro
reflectors, this is &= 15°” [51].
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Since a laser with an angular divergence of 1 mrad was utilized, it required a dual-stage PAT system
in order to cope with both atmospheric turbulence, ship roll and relative bearing changes between trans-
mitter and receiver ends. The first stage of the PAT system consisted of a Sagebrush gimbal utilized
for coarse tracking "The gimbals were pointed manually using sighting cameras and joysticks to within
~ 1° of the opposite terminal” [51]. It is relevant to note that the gimbals have been stabilized via the
employment of an inertial measurement unit, neglecting the need for compensation of the ship-wave
motions themselves. For the second stage of the PAT system it consisted of the fast steering mirrors,
which had an accuracy up to "+ 100 prad ” [51]. To provide a visual overview of how the dual-stage
PAT system, Figure 2.12 provides an overview of the system mounted into a vessel.

Figure 2.12: FSO OCT terminal onboard the USS Bonhomme Richard for the Trident Warrior, courtesy of [51].

While there is still a significant amount of ongoing research in increasing the ranges for which optical
communications can be achieved, as well as into increasing the achievable bandwidth during communi-
cations, as of writing there is a significant gap when it comes to research about ground stations placed
in dynamic environments. While the previous (Trident Warrior exercise) study case highlighted that in
principle, if adequate compensation is provided into an OCT terminal, optical communications remain
achievable in dynamic environments for short distances (20-30 K'm). However, questions regarding
the level of performance required for a PAT system to achieve long-distance optical communications
remain open, thus presenting an opportunity to expand the available research in the topic.



Ship-wave motion frequency analysis

This chapter aims to present the steps taken to perform the frequency analysis on the ship-wave motion
data set. The objective is to present the main steps taken to process the data, which are used as inputs
for subsiding chapters. It is relevant to highlight the fact that the initial data set, contained sampling in-
consistencies. These were present over sections across the entire data set. The pre-processing steps
taken to address the issues arising from sampling inconsistencies are covered in Appendix A. The
main steps involved dissecting the data set into smaller pieces and the application of both windowing
and zero padding functions. The result from taking these steps is an averaged data set, which aims
to conserve the original information and is utilized as an input for the functions utilized to convert data
from the time domain into the frequency domain.

The first section of this chapter covers the Discrete Fourier Transform algorithm, which is utilized to
convert the time-varying data into frequency-varying data. Aspects such as the analytical expression
of the algorithm as well as the results of implementing the algorithm are presented. The next section
discusses the Power Spectral Density function, which is utilized to determine the amount of energy
contained in the ship-wave data per frequency. Aspects such as the analytical expression and the type
of achievable results are covered in this section. The chapter concludes by discussing the Cumulative
Power Spectrum function. This function aims to provide information regarding the cumulative sum of
power across the relevant frequency ranges. The analytical derivation and results of implementing it
are part of the discussion.

3.1. Discrete Fourier Transform algorithm

The aim of this section is to cover the fundamentals of the Discrete Fourier Transform (DFT) algorithm,
which is tasked with converting the time-domain data into frequency-domain data. While there are many
approaches to perform the conversion from time to frequency domain, the approach to be discussed is
specific to the implementation provided by the in-built functionality in Matlab (MathWorks Inc software)
[19]. The algorithm is based on the library FFTW by [8]. The DFT algorithm is characterized by requiring
finite sequences of equally spaced input samples. The DFT can be defined as in Equation 3.1.

n

Y (k) = > X(j) wimhkn (3.1)

Jj=1

Where Y (k) is a sequence of complex numbers, X (j) is the input vector with discrete time-varying
information and W,, = exp (—j2n/n) which is required for cross-correlation of the input sequence, it
correlates both cosines and imaginary sines. Equation 3.1 completely describes the DFT which only
comprises frequency components. Further information about the implementation of the DFT into the
FFTW library can be found in [8].

By utilizing the DFT algorithm, the time domain data can be converted into the frequency domain.
In the frequency domain, it is possible to determine the frequencies at which the greatest amount of

21
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amplitude of the ship-wave interactions and disturbances occur. However, the vector containing the
frequency information from the DFT is complex, containing phase information of the original signal.
Thus for the signal processing applications of this work, the one sided section of the DFT is tacking and
its amplitude is normalized.

To perform amplitude normalization it is possible to make use of the Parsevals relation, which links
the total amount of energy contained between time signals and their corresponding frequency signals.
Parseval’s relation can be expressed as in Equation 3.2.

N—1 9 N/2
Z z[i]? = ~ > Mag X[k]* (3.2)
= k=0
Where z[i] contains the time domain signal with ¢ running from zero to N — 1. X|[k| contains the
frequency spectrum of the time domain signal, where K runs from zero to N /2. The left side of this
equation lets us know that to obtain the total energy contained in the time domain signal, it is required to
sum all the energies contained in the N individual samples. The same holds for the other side, where
the total energy is found by summing the energies up to the N/2 + 1 samples. Note that the sum is
extending up to N/2 + 1 because the original DFT contains both positive and negative frequencies.
Since for this analysis only the positive signals are of interest, it is only required to sum one of the two
sides.

Parsevals theorem concentrates on the conservation of energy, however, the goal is to perform
normalization of amplitude in the frequency domain. To achieve this, it is possible to apply a slight
modification to the relation. The change is for the magnitude of X [k] not to be squared since "Energy
is proportional to the amplitude squared” [57].

By converting the entire data set from the time domain to the frequency domain and then normal-
izing the amplitude to represent the amplitude of the time signal. The code developed to implement
this into the Matlab environment, which is utilized for the rest of the simulation, can be found as "nor-
malize_amplitude_dft_and_psd_creation” in Appendix D. By running this code it is possible to obtain
Figure 3.1.
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Figure 3.1: Result of applying the DFT algorithm to the pitch rate Ship-Wave motion data set of an individual interval
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Multiple aspects can be recognized from the information conveyed on Figure 3.1. The first aspect
is the fact that for the recorded signal, the greatest amount of energy in terms of amplitude, can be
found close to the frequency range of wind-induced waves, that being in the 0.01 to 1 Hz frequencies
(as gravity-induced gaves occur at much lower frequencies). However, there are several peaks in am-
plitude of disturbances/interactions occurring at much higher frequencies than those of wind-induced
waves. Since these peaks could have multiple sources of origin (as broadband noise/disturbances are
under consideration), such as rotary engines with slight variations in the mass of their turning disks
or shafts, actuators, hydraulic pumps, rotary radars, walking personnel, etc, identifying the origin of
specific amplitude peaks is considered outside the scope of the investigation.

3.2. Power Spectral Density functions from sub-data sets

The next step in the frequency analysis of the data set is the calculation of the Power Spectral Den-
sities (PSD’s) of the averaged intervals. The PSD provides an approach to describe the amount of
power/energy contained per frequency of a signal. This is of special relevance for this work, as the
disturbances/interactions recorded in the data set are of a stochastic nature, that is the signals are
composed of random or unpredictable components, which are not straightforward (if possible) to de-
scribe in statistical terms.

"The name power spectral density comes from observing how the average power of a random
process is distributed in the frequency domain” [10], thus the PSD provides a suitable means to char-
acterize and represent the energy contained in the stochastic signals contained in the data set. To
provide additional information regarding how the PSD is calculated, it is possible to start by defining a
given stationary stochastic signal z(t), the autocorrelation function, R,.(7), can then be defined as:

1 [T/2
R, (1) = lim —/ z(t) - x(t+7)dt (3.3)
T—oo T —T/2
This function represents the similarity between the signals at different time lags (7). The PSD
is derived by taking the Fourier transform of the autocorrelation function. According to the Wiener-
Khinchin theorem, the PSD, S...(f), is given by:

Sex(f) = / Ryw(7) - €727 7 dr (3.4)

This relation shows that the PSD provides a frequency-domain representation of the power con-
tained in a stochastic signal. In the discrete case, given a signal z[n] with length IV, the power spectral
density can be derived from the Discrete Fourier Transform (DFT). The DFT of z[n] is:

N-1
X[k] = Z z[n] - e~ 92k /N (3.5)
n=0

The PSD estimate, S, [k], is then given by:

Sualk] = 5 - IXTHI? (3.6)

This discrete PSD represents the energy or power content of the signal at various frequency bins.
By normalizing by NV, it accounts for the length of the signal and provides a consistent measure of power
distribution across the frequency spectrum. As part of the pre-processing steps mentioned at the in-
troduction of this chapter, the data set is provided as a set of averaged intervals meeting consistent
sampling criteria. From these, it is now possible to create a more accurate estimate of the underlying
power distribution of the real disturbances/interactions signals.

To determine the average PSD of the multiple input intervals, it is possible to sum the resulting PSD
for each signal and then divide by the total number of intervals, this can be described analytically as
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follows:
M
Sza.avg[k] = i > Suamlk] (3.7)
m=1

Where M corresponds to the total number of intervals and S, ., [k] to the value of the PSD of each
interval. By averaging the PSD it is possible to provide an estimate of the underlying energy of the
real signal, which is likely to minimize the influence of outliers or unusual variations in a single interval.
Since the original dataset contains operational data of the ship at different sea depths and operating
modes, it is then critical to obtain a consistent and representative measure of the signal characteristics,
thus motivating the approach of utilizing the average PSD from multiple intervals.

The results of implementing the average PSD calculation into the high-frequency interval set can
be observed in Figure 3.2. The code developed to implement this into the Matlab environment, which
is utilized for the rest of the simulation, can be found as "normalize_amplitude_dft and_psd_creation”
and "calculate_average psd” in Appendix D. Note that the total 6 DOF Ship-Wave motions plots can
be found in Appendix B.
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Figure 3.2: Plot of the resulting average PSD of 10 intervals each with durations of 180-200 seconds, obtained from the
pitch-rate ship motion data set. N.B. the amplitude on the vertical axis is in [degrees/sec/ Hz]?

3.3. Cumulative Power Spectrum function

This section aims to provide a conclusion to this chapter by presenting the Cumulative Power Spectrum
(CPS) function. This function differentiates from the PSD, as it provides a visual representation of the
accumulation of energy per frequency. During analysis of the frequency responses of the closed-loop
systems designed in the subsequent chapter, the CPS function can provide visual information of the
accumulation in disturbances affecting performance characteristics such as angular or angular-rate
pointing errors.

The CPS function is directly related to the PSD function, as both are typically employed as means
of presenting the power over frequency information of a signal. However, the key difference between
the PSD function and CPS function, is that the former provides information about the amount of power
available per frequency while the latter accumulates the sum of power from the starting frequency (in
this case 0 Hz) up to the cut-off frequency. Therefore the main objective of this function is to under-
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stand how the total power accumulates as frequency increases.

The CPS function as it is directly related to the PSD function, can be derived by building upon the
previous derivation. Picking up from Equation 3.7, the average CPS function can be determined as

follows:
fe

CPS(f) = o S:cw,avg(f) df (38)

Where the CPS is defined as the cumulative (monotone increasing) integral of the PSD function
ranging from 0 HZ all the way up to f. (in this case is up to 100 Hz), which represents the cutoff
frequency. The result of implementing this function can be seen in Figure 3.3. The code developed
to implement this into the Matlab environment, which is utilized for the rest of the simulation, can be
found in ??. Visible from Figure 3.3 is the CPS function plot resulting from the Pitch Rate disturbance
PSD. From this figure, it is possible to argue that the greatest concentration in disturbances lies in the
frequency range between =~ 0.01 Hz til = 0.2 Hz, as this represents the section at which the CPS is
growing the fastest, these frequencies match the frequency ranges at which wind-induced waves have
their largest amplitudes.
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Figure 3.3: Result of the cumulative integral function of the average PSD function of the pitch rate S.W. motion



Actuator control loop models

This chapter aims to provide insight into the control logic of the different actuator control models, these
include the CPAS, PPAS as well as the Dual-Stage Actuator System. In the upcoming three sections,
the control system design for each system is covered separately. The topics covered include loop logic
as to outline the reference and command signals across the system, the transfer functions that com-
pose the individual blocks of the system, gain tuning of the controllers, open and closed loop responses
of the system, loop gain and sensitivity function of the system, etc.

Before heading into the dedicated sections, it is relevant to specify which type of systems will be
discussed and what type of assumptions are related to them. The 3 control models are chosen to be
represented as Linear Time Invariant (LTI) systems, which not only simplify the modeling approach
required to approximate the expected/desired behavior, but as well are compatible with the Dynamic
Error Budget (DEB) analysis. This type of analysis will be discussed in further detail in the subsiding
chapter, the main benefit of this type of analysis is the capability of predicting the systems response to
the introduction of a stochastic disturbance signal, which in this case would be the Ship-Wave interac-
tions/disturbances.

To represent the Mobile OCT as an LTI system, several assumptions are required to be made. Lin-
earity is one of the main assumptions as it requires that the output of the system to be proportional to
the input. It also carries the assumption regarding additivity, which is critical for superposition, in which
the response of the system is the same as if all the different inputs that contribute to the analysis are
supplied all at once or as if each is supplied separately and the results are then added.

Another critical assumption is regarding the time-invariance of the system, it relates to the system
properties remaining constant over time. Such that if a system produces a certain output, if the same
input is delayed, the time-shifted response of the system will be equal to the non-time-shifted input.
While there are many other properties and assumptions regarding LTI systems, the multiple properties
proofs and detailed discussions are considered outside the scope of this work and readers are referred
to the works by [30] and [17].

4.1. Precise Pointing Actuator System control model

The focus of this section is to cover in further detail the multiple elements that compose the PPAS con-
trol model. The section starts by discussing the overall control logic loop as well as the routing of the
signals. Then the section advances to cover the individual elements that compose the system, covering
design choices and citing performance specifications. With the elements of the system covered next
are the Bode plots of the system response at different frequencies, which allow for a better understand-
ing of the achievable performance of the actuator and control loop. A comparison between Open loop
and Closed loop functional plots, as well as the capability to reject disturbances in the system visible
in the Loop Gain and Loop Sensitivity function plots can be found in Appendix E under the augmented

26
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open loop, closed loop and loop sensitivity subsections part of the Precise Pointing Actuator System
accompanying plots, descriptions and code section.

Starting with the control loop logic design visible in Figure 4.1. The control logic is depicted as a
cascaded signal flow, in which the signals propagate through the system starting from the left, at which
the system receives a reference input signal (Y,.; ) command. As the signal propagates through the
system, the previous measurement regarding the actuator position is subtracted to the reference input
signal, yielding the current loop error, in the position of the actuator. This error signal serves as an input
to the controller, which then provides an input torque force to the actuator. Then the actuator converts
the torque force into a rotational displacement with a certain amount of disturbance, arising from errors
propagating through the system. In this simplified case the main simulated source of errors is centered
on the tracking error of the tracking sensor.

While there are other sources of errors such as errors arising from Digital to Analog and vice versa
conversion, in this simplified case scenario, the focus lies fully on the errors arising from the positional
tracking errors. Thus the signal traveling along the feedback path passes through the tracking sensor
model of a Quad-cell Photo Diode (QPD) laser beam tracking sensor, where eventually gaussian noise
is added to the signal. Sequentially the feedback signal concludes by being subtracked to the upcoming
reference position signal, while the main output of the system is the current loop position of the system
plus disturbances propagating in the system.

dq

Ship-wave vibrations

Yref e u 0 0 + dtotai
_'©_’W Grsm(s) ]—> +* —

Om
! [ Popp(s)

dy

QPD disturbances

Figure 4.1: PPAS control loop logic architecture

The following subsections cover in further detail the elements depicted in the blocks part of the
PPAS shown in Figure 4.1. The order in which these are covered differs from the cascaded loop logic
represented in the figure, to improve readability of the chapter.

4.1.1. FSM actuator model

To create a model of the FSM actuator, as discussed in [4], typically there are 3 main approaches, these
include; "’knowledge-based modeling (white box modeling), data-driven modeling (black box modeling),
and process-based modeling (grey box modeling)”. For modeling the FSM, the "white box” modeling
approach has been selected, due to its high accuracy and being commonly researched, as this ap-
proach "has been followed by most of the researchers” [4], which in this case is of relevance, as it is
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desirable to obtain a model that is as close as possible to the specific dynamics of the Optics In Motion
OIM5001 FSM, in compliance to PATR-01-01.

The OIM5001 is a commercial state-of-the-art FSM, equipped with four voice coil actuators with
moving magnets and static coils, which operate in a "push-pull” configuration. The main performance
characteristics as mentioned in [37], include the following, an industry-standard 1-inch glass mirror
with the availability of custom coating. Angular range up to +3.0 degrees (mechanical). Dynamic
performance of 3d B Bandwidth above 850 H:z and a step response time for an input of 1 mrad under
5 ms. In Figure 4.2 a picture of a fully assembled OIM5001 can be seen.

Figure 4.2: OIM5001 FSM [39]

Having discussed the specific type of actuator that is desired to be modeled, next is the discussion
of the approach taken to recreate an LTI system, to get a representative actuator model. What is being
sought after is to end up with a transfer function, that can map the relationship between an input torque
and a deflection angle accurately enough. To achieve this, the approach taken by [5] has been selected.
This research provides an accurate representation of an Optics in Motion FSM via a transfer function.
This was achieved via system identification with the help of the 3562A, Hewlett-Packard system ana-
lyzer.

The system analyzer maps a transfer function to a series of input and output data, for further informa-
tion the reader is referred to the original work. Note, the following are considered the main assumptions
of this model. The actuator model can be effectively represented via a single actuator transfer function
model, in which the responses of the current amplifier, the mirror voice coil and the internal position
sensors are all modeled together. The actuator model of the FSM can be effectively be represented
by a 2nd order spring-damper transfer function. Furthermore, it is assumed that there is no crosstalk
between axes, such that a single-axis model is sufficient to model the FSM, this is justified by the fact
that "The crosstalk magnitude between the axes at the resonance frequency is 38 dB lower than the
magnitude of the single axis transfer functions (TFs)” [5]. The transfer function of the FSM is described
in Equation 4.1.

wp
woCS + wi
Where the DC gain K = 11 [—], the first natural frequency (suspension mode) wy = 169.6 [rad/s]
(27 Hz) and the damping ratio ¢ = 0.04. Note The DC gain is part of the actuator model, the K shown
in the triangular block in Figure 4.1, is an additional gain utilized to convert the output of the actuator
transfer function which is in radians, to degrees, as the rest of the analysis has been performed in
degrees. To achieve this, the main loop gain multiplies the output in radians to the conversion ratio of
180/7. The Bode plot of the frequency response of the plant model can be seen in Figure 4.3.

Crom =K * 55— 4.1)
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Figure 4.3: FSM actuator model frequency response Bode plot. Note that the first natural frequency is at 27 Hz

4.1.2. QPD- Tracking sensor and sampling board

This subsection aims to cover briefly the model utilized to estimate the QPD laser beam tracking sensor.
Modeling the dynamics of a QPD tracking sensor can be challenging, as these require the simulation of
the dynamics involved with converting information from the incident light reaching the detector to electric
signals, which the controller board can interpret. QPD typically consists of four photodiodes arranged
in a quadrant, each photodiode can be modeled individually as a low pass filter with a time delay.
Figure 4.4 provides an overview of an exemplary QPD sensor. Furthermore, modeling the relationship
between the four quadrants can prove difficult due to the possible existence of non-linearities in the
response of each photodiode.

Figure 4.4: Example of a pair of Quadrant PhotoDiode InGaAs tracking sensors [13]. The sensor on the left has a 2mm
quadrant element while the right sensor has a 1mm quadrant element

This work focuses on the control behavior and achievable performance of the system, therefore
modeling the incident light sensitivity of the QPD sensor is considered outside the scope of work. Thus
the chosen transfer function centers purely on the time delay, introduced by the sampling frequency of
both the tracking sensor and controller board. Placing the focus on only modeling the time delay can
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be motivated by the fact that from a control-theory perspective, what is of greatest interest is how a
sensor affects the relative phase gain of the total system as a whole. This directly influences not only
the achievable performance at higher frequencies but also the gain tunning procedure of the controller.

It is possible to model the time delay (T) in the Laplace domain as in Equation 4.2.
T(s) = exp 5T (4.2)

Where the S stands for the complex frequency variable. Since it is of interest to determine the
effects at higher frequencies, it is then suitable to represent the time delay in the frequency domain as
in Equation 4.3.

T(jw) = exp~ 9T (4.3)

The impact the time delay has on the phase margin of the system is clear whenever the exponential
term in Equation 4.2 is expressed in polar form as cos(wT) — jsin(wT'), which has a unit magnitude
and a phase of —wT radians. As the frequency scales linearly with frequency (w), the effects of time
delay can become severe at higher frequencies, as these could result in reaching the critical phase lag
of —180 degrees, potentially leading to instability in the system.

With an understanding of the effects of time delay, next is the chosen representation of the time de-
lay transfer function. While the original expression of time delay is straightforward mainly consisting of
an exponential term, this results in an irrational transfer function. Irrational transfer functions increase
the difficulty of performing analysis on the frequency response of a system, as in the case of time delay
the linear phase lag increases indefinitely with frequency, thus increasing the difficulty of assessing
phase margin and stability.

As the subsiding chapter centers primarily on the integration of the frequency response analysis of
the systems covered in this chapter, the choice was made to opt for a Pade approximation of the time
delay, which is a rational transfer function. As the actuator model is 2nd order, it was decided to opt for
a 2nd order Pade approximation, the n-th order expression is given in Equation 4.4.

(1- Lo

i 2%5)" (4.4)

Popp =

Where 6 represents the time delay in seconds. The chosen time delay is related to the chosen
controller board and tracking sensor. For this work, the controller board is considered a generic option
with a sampling speed of 20 kHz/ 50 us (Typical sampling speed among COTS Real-time controller
boards, such as the one utilized in the research by [5]), while the QPD tracking sensor is specific to
the Hamamatsu G6849-01 InGaAs PIN Photodiode with a typical sampling speed of 120 M Hz /8.3 ns.

As the time delay introduced by the tracking sensor is 4 orders of magnitude smaller than the sam-
pling board speed, it is then possible to neglect the delay of the tracking sensor and model purely based
on the effects of the time delay of the control board. Thus the modeled sampling speed for the effective
time delay is 50 us. The Bode plot of the 2nd order Pade time delay approximation can be seen in
Figure 4.5, it is possible to denote that the phase loss at 1 K Hz remains manageable at —18 Degrees.
However, as the frequency increases the sampling delay starts playing a more dominant factor, leading
to a complete phase margin loss (—180 Degrees) at the 12.7 K H z mark.
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Figure 4.5: Frequency response of the QPD-tracking sensor time delay function

Tracking error

Although the tracking performance of a realistic QPD sensor can be quite accurate and precise, espe-
cially if it is receiving a sufficient amount of incident light, it will be limited at a certain point. This in
turn can result in the introduction of tracking errors into the control system, which at higher frequencies
could result in undesirable/unstable behavior.

Therefore to model the tracking error, a set of disturbances are introduced into the tracking loop,
which are based on the performance of an exemplary QPD sensor specifications sheet. The key as-
sumptions as well as the procedure utilized to perform this estimation can be found in Appendix E
under the QPD tracking error estimation model description subsection. Implementing the equations
discussed in this subsection and making use of the tool presented in chapter 3 and Appendix A, it is
then possible to reconstruct the PSD of the tracking error, based on the specifications of the G6849-
01 InGaAs PIN Quad-Photodiode from [13], as well with an assumption of 858.7 nWW of incident laser
power as well as focal length of 1.5 m. The results are plotted in Figure 4.6, for a standard deviation
of 88.6 udegrees (~ 1.55 prads).
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Figure 4.6: PSD estimate of the tracking error, plotted for the same frequencies as the ones of the Ship-Wave IMS data set

From Figure 4.6 it is possible to denote that due to the high amount of fluctuation visible at higher
frequencies, this could in turn increase the relative contribution of the QPD-tracking error disturbances
to the overall sum of all disturbances affecting the closed loop system.

4.1.3. PID controller design and tunning

To conclude the discussion regarding the control system logic architecture, it is then relevant to discuss
the design of the controller. In this case, a Proportional Integral Derivative (PID) controller has been
chosen, based on the characteristics of the 2nd order spring damper actuator model of the PPAS. As
visible in Figure 4.3, the actuator model has a steep phase loss at higher frequencies, therefore the
controller design would account for this by prioritizing increasing the phase gain at higher frequencies.

There are 3 main components to a PID controller. Starting with the proportional part, this is the
section intended for minimizing the present error in the system, however by itself, due to the possible
introduction of oscillatory behavior (particularly in spring-damper systems), it could result in difficulties
with completely removing steady-state error. To remove the accumulation of errors, it is then useful
to incorporate the integral term, capable of summing up the error over time, thus effective at eliminat-
ing the steady-state error (at least over a sufficient lapse of time). Lastly, the derivative term helps
to counteract rapid changes in the system error. This is based on the prediction of possible future er-
rors by considering the current rate of change of the errors, allowing for a dynamic compensation effect.

One of the main aspects motivating the choice of including the Derivative term of the controller, is
the fact that in terms of phase, the derivative term allows for a +90 degrees phase lead. This proves
particularly useful for spring-damper systems as they typically exhibit a phase lag due to inertia and
damping factors, which as frequency increases, result in instabilities or poor transient responses.

However, the Derivative term comes with its own set of drawbacks, mainly the fact that it could make
the system too sensitive to disturbances, especially those occurring at higher frequencies. Therefore
as a mitigation strategy, a low pass filter has been implemented, to ensure overall stability even at
higher frequencies. The transfer function of the PID controller is fully described by Equation 4.5.
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N
1+ N (1/5)) (4-5)

The next step is to discuss the procedure employed for gain tuning of the controller gains. Gain
tuning of a PID controller can be a challenging procedure, especially if it is performed manually, as
the relationship between benefits/downsides of increasing/decreasing a particular gain is non-trivial to
decipher. To facilitate this procedure, the control architecture has been recreated in a Simulink (Matlab,
Inc.) model, visible in Figure 4.7. It can be seen that the control logic follows a similar signal flow as the
initial loop logic diagram in Figure 4.1. The main differences are found with respect to the input/output
components of the system. The input of the system is a step response function, which has been cho-
sen as this type of input covers a broad spectrum of frequency components as well as being capable
of showing the transient and steady-state behavior of the system. The output of the system is directly
fed to the scope function, which also feeds the reference angle feed into the system and the error feed
into the controller (for plotting purposes).

PID(S) = Kp + Kl(é) + Kd(

FSM control block

eref L
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Figure 4.7: Simulink model of the PPAS including main control elements loaded as transfer functions in a separate Matlab
script

Now with an understanding of the different elements of the Simulink model, it is now relevant to
discuss the strategy employed to perform gain tuning of the PID controller. Individual gain tuning of
a PID controller can be a challenging task, as the relationship between adjusting individual gains can
have an impact on the non-adjusted gains, which can lead to undesirable/unstable control behavior.

To simplify this process the Matlab PID tuner application has been employed. The fundamental
working logic of the tuner application is to start analyzing the system by identifying key characteristics
of the plant model, these include aspects such as number of poles, zeros, time delays, etc. Next is
the initial gain tunning process, it can involve multiple initial tunning methods, some of which include
the Ziegle-Nichols, Cohen-Coon and AMIGO methods. For further information about the MATLAB PID
tuner application, readers are referred to [20].

While the initial tuning procedure of the Gain tuner allows for setting some initial gains that provide
an initial working point for the controller design, rarely do they already provide the precise system re-
sponse sought after. Therefore the next step involves adjusting the gains, to end up with the desired
frequency responsiveness and controller robustness.

The main design driving criteria has been to closely match the system’s performance to closely
match the performance specifications of the FSM actuator. In particular, the specification of a step re-
sponse time (1 mrad) under 5 ms, is of interest. While the real-world performance of the FSM actuator
likely could depend on the amplitude of the step response, the focus of tuning the linear model (which
is invariant to different step input amplitudes) still lies in matching the response time. This is motivated
by the fact that the critical aspect is to match the controller bandwidth to the actuator capacity limit.
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Taking the performance specifications as a guiding reference point and adjusting the controller gains
to tune the response of the system, results in the following controller gains Kp =0.06111 [-], K; =6.8820
[, K4 = 0.00013 [-], while the filter has been manually hard set at N = 1450 Hz.The choice for the
filter has been based on the research performed with respect to system identification of the FSM plant
model [5], in which the remaining structural (resonant) nodes of the FSM have been observed to occur
at frequencies above 1500 Hz. In Figure 4.8, the unit step response of the system can be seen.
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Figure 4.8: Tuned step response of the simulated PPAS system with tuned controller. Settling time is plotted with a 2% of
overshoot

Another relevant plot to understand the effects of the controller on the system is the open-loop
response (with the controller in the forward path) of the plant model. Visible in Figure 4.9, the open
loop response of the complete system including time delays can be seen. The controller bandwidth
has been set at 398 Hz. From the plot it is possible to recognize the critical stability points of the
system, these indicate a phase margin and a gain margin of 61.2 Degrees and 16.5 dB, respectively.
This points out that the system requires a sufficient amount of phase lag or decreases in gain, for it to
become unstable, albeit remaining highly sensitive to systems delays with a delay margin of only 0.4
msecs. Note: While the phase margin approaches the -180 degrees delay point, the combination of
the positive gain margin and the soon lift in phase due to the derivative term help to keep the system
closed loop stable.
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Figure 4.9: Resulting open loop system (with controller along the forward path) response Bode plot

This section concludes with the previous discussion of the open-loop response of the system, how-
ever for readers who are interested in gaining an understanding of the achievable noise suppression
and closed loop response of the system a discussion with further information and Bode plots can be
found in Appendix E under the sub-sections Augmented Open Loop -and Closed-Loop response and
Augmented Open Loop -and Loop Sensitivity function part of the Precise Pointing Actuator System
accompanying plots, descriptions and code main section.

4.2. Coarse Pointing Actuator System simulation model

This section aims to cover in detail the thought process behind the CPAS control design, to give insights
and motivations for the different choices involved with the systems design. The section starts by cover-
ing the control loop architecture, it then covers the procedure employed for approximating the Coarse
Actuator model. Next is the motivation and design of the PI controller, to which a Simulink model was
created to aid with the gain tuning of the controller. Lastly, the last two subsections center on present-
ing the performance of the system by covering the Augmented Open loop, closed loop, Loop Gain and
Loop sensitivity transfer functions and their frequency response. Note for the design and development
of the CPAS control system it is assumed that there is no cross-correlation between actuator mount axis,
as such a 1-DOF analysis is considered as sufficient for representing the overall behavior of the system.

Kicking off the discussion of the CPAS systems design is the control architecture, this is portrayed
in Figure 4.10. The control logic follows a similar approach to the one taken by the PPAS, where there
are 3 main subsystems paired with a gain for converting the output of the actuator plant model into
Degrees. The loop logic starts with the reference angle, to this signal the previous measurement on
the position of the actuator model gets subtracted.

This allows to determine the current error between the desired position and the current position,
which allows the controller to either send a control command or if the error is negligible to keep the
system in its current position. Lastly, the control input in the form of torque is applied to the actuator
system which has been tuned to provide a representative response of the modeled system, resulting
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in a displacement that can be measured in the feedback path.
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Figure 4.10: Overview of the control design architecture of CPAS

Note The transfer function of the QPD is identical to the one covered in the PPAS section, as it
represents the main measurement system for both systems. Therefore the discussion of the QPD
transfer function is omitted in this section.

4.2.1. Coarse Actuator model

Now with an intuitive understanding of the general CPAS control logic architecture next is to cover
the methodology utilized to derive the Coarse Actuator model. It is relevant to highlight the fact that
the Coarse Actuator model has been centered on recreating the dynamics of the L-350 direct drive
telescope, as in compliance with requirement PATR-01-02. However, as of writing, limited information
could be found regarding system-identified models that recreate the dynamics of the L-350 direct drive
telescope.

At first, it was attempted the creation of a transfer function that could approximate the dynamics of
the L-350 direct drive telescope, via system identification mapping input to output data. However, as
the input/output data was recorded via a high-level software command interface, rather than the direct
application of the voltages into the direct drive motors of the L-350, it was then determined that this
procedure could involve a high degree of uncertainty. Further information regarding this approach can
be found in Appendix F

Since system identification has been determined as an unsuitable option for this work, the decision
was made to perform a simple approximation of the L-350 telescope mount by estimating the rotational
inertia of the mount. The fundamental idea is to determine the masses acting on the mount and their
corresponding moments of inertia, to estimate the rotational moments of inertia, which then allows
mapping torque inputs to angular displacements via an LTI transfer function. The main assumptions
include; the rotational moment of inertia of the elevation axis is fully described by the dimensions and
mass of a dummy telescope with an aperture of 30 ¢m and a mass of 20 kg, the telescope is mounted
at the center of the elevation rotational axis, the telescope and L-350 mount can be represented by
simple geometrical shapes, both the telescope and mount behave as a rigid body which is stiff enough
to not deflect during operation, uniform material density such that the center of mass is equal to the
geometrical center point and the center of mass of the lower mount base is located at the center of the
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azimuth rotational axis.

This process starts by searching for the official mass specifications of the mount, which can be found
on [48], in which the fork arm and elevation motor are specified to have a mass of 70 Lbs (~ 31.75 kg)
and the base and azimuth motor 40 Lbs (=~ 18.1 kg), in addition to these masses a dummy telescope
payload with a mass of 20 kg is also accounted in the rotational moments of inertia.

The next step is to approximate the shape of the L-350 telescope mount, to reduce the complexity
of the calculation of the the rotational moments of inertia. As visible in the right section of Figure 4.11,
the telescope mount has been approximated by 2 rectangles, while the dummy payload telescope is
by a circular cylinder. In the bottom right corner, it is possible to see an assumption made by the
approximation, in which the red rectangle corresponding to the azimuth base is assumed that its center
of mass is located in the center of the azimuth axis of rotation. Similar to the azimuth base, the green
cylinder representing the dummy payload its center of mass is assumed to align with the elevation axis.
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Figure 4.11: PlaneWave instruments L-350 Direct Drive mount approximation via rectangular boxes

Now with the approximation of the I-350 mount in place next is the determination of the individual
and total contributions of the multiple blocks, to obtain the rotational moment of inertia in the elevation
and azimuth directions, a description of this procedure can be found in Appendix E under the Estimation
of rotational moments of inertia of the Coarse Pointing Actuator System subsection part of the Coarse
Pointing Actuator System accompanying plots and descriptions main section. Following the outcomes
discussed in the appendix, Equation 4.6 and Equation 4.6 represent the estimated rotational moments
of inertia and their corresponding transfer functions determining the rotational displacement of the I-350
mount in the azimuth and elevation directions. Note the expression of the LTI transfer functions has
been inspired by the work of [12], in which modeling and simulation of an inertially stabilized gimbal
system has been investigated.
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1

Ggimbal = T s (46)
1

Ggimbal = 7 %5 (47)

Where J,, = 2.264 kg * m? and J.,; = 0.930 kg x m%. To obtain a better understanding of the
frequency response of each of the actuator models it is possible to refer the readers to Figure 4.12
and Figure E.4 (found in Appendix E in the Elevation open loop response subsection), where the Bode
plots of both actuator models can be seen. Notable from these plots are the effects of the system
being approximated by a rotational inertia and a pure integrator, this is visible in the phase margin
which remains at a constant -90degrees, this is also reflected in the gain margin where there is a linear
constant decrease at an expected rate of -20 dB/decade. The main notable difference across these
plots is the fact that each crosses the negative gain axis at different points, which is likely caused by
the difference in rotational inertia across the models.
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Figure 4.12: Bode plot of the frequency response of the CPAS azimuth actuator transfer function

4.2.2. PID controller design

With both actuator transfer functions having been discussed, the next step is to discuss the design of
the PID controller for the CPAS. Since the PID transfer function is identical to the one of the PPAS, it
is possible to start discussing directly the tunning of the controller. Utilizing the same approach as in
the previous section, a Simulink model was created to facilitate the gain-tuning procedure. As visible
in Figure 4.13, the control logic follows very closely to the original control logic diagram found at the
beginning of this section, with the main difference being the step input and scope functions. Note: In
the figure two identical models can be seen, as each one is dedicated to tunning independently the
gains of the azimuth and elevation axis.
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Figure 4.13: Simulink model of the CPAS control system for gain tunning

With the Simulink model and utilizing the MATLAB PID tuner application, it was then possible to tune
the response of the system. As a performance baseline, the controller bandwidth has been adjusted to
10 H z, which represents a common operational bandwidth for commercial telescope gimbals, moreover
to smooth out the controller output torques, the controller has been adjusted to a phase margin of
90 degrees. The combination of the controller bandwidth and phase margin results in a proportional,
integral and derivative gain for the azimuth axis of 136.63, 1525.59 and 0.346, while the elevation axis
results in gains of 55.91, 622.19 and 0.156, with the corresponding high-disturbance filter of 229.13
(rad/sec) for both controllers. The step response to these gains can be seen in Figure 4.14, it can be
seen that the system is capable of reaching a settling time of ~ 0.22 sec with a marginal amount of
overshoot, which could be the result of the high phase margin built into the controller.
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Figure 4.14: Tuned step response of the CPAS actuator control system. Note that the settling time is based on reaching 98%
of the final desired value

By providing information regarding the open-loop response of the system this section aims to con-
clude, however for readers who are interested in gaining an understanding of the achievable noise
suppression and closed loop response of the CPAS a discussion with further information and Bode
plots can be found in Appendix E under the sub-sections Augmented Open Loop -and Closed-Loop
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response and Augmented Open Loop -and Loop Sensitivity function part of the Coarse Pointing Ac-
tuator System accompanying plots and descriptions main section.

4.3. Dual-Stage Actuator System simulation model

The aim of this section is to describe the design choices and control loop logic of the Dual-Stage
Actuator System (DSAS). The section starts by introducing the loop logic, including the motivation for
the chosen control methodology. By covering the design choices and due to the re-utilization of tuned
controllers, the next two subsections center on the discussion of the derivations of the Augmented
Open loop, Closed loop and Loop sensitivity system response functions. These provide insights into
the system response and disturbance rejection capabilities. Next is the Loop sensitivity subsection
which centers on distinguishing the differences and similarities between the loop sensitivity functions
of the PPAS, CPAS and DSAS. Lastly, the chapter ends with a discussion of the Simulink simulation
model of the DSAS, to investigate the step response of the system as well as the off-loading capacity
of this control configuration.

4.3.1. Dual-Stage Actuator System model

The objective of this subsection is to cover in further detail the design methodology and assumptions
of the Dual-Stage Actuator System (DSAS) control architecture. The fundamental idea of the DSAS is
part of the chief-deputy control architecture inspired by the works of [6], [44] and [32], which center on
the control architecture of Dual-stage controller systems for Hard Disk Drives. The commonality across
these Dual-Stage control systems is that they all tackle the limitations imposed by actuators with high
actuator bandwidth (slew rate) but low angular range, such that the end system has both a high actuator
bandwidth and high angular range. The way they tackle this is via the introduction of a chief-deputy
control architecture, which pairs the high bandwidth actuator with a low bandwidth actuator with a high
angular range.

The fundamental assumption built into the chief-deputy control architecture is the accurate predic-
tion of the high-bandwidth actuator position. For this work, the prediction is only linear and fully based
on the same transfer function as the one of the high-bandwidth actuator. Basing the prediction on a
fully linear prediction can be justified based on the fact that the hole control logic of the chief-deputy
system is designed to keep the high-bandwidth actuator as close as possible to the zero displacement
position, this aims to avoid the non-linearities typically encountered at the limits of the angular range.
The designed control logic path of the DSAS can be seen in Figure 4.15.
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Figure 4.15: Dual-Stage Actuator System Control Logic architecture

As visible in Figure 4.15, the working principle of the dual-stage control logic lies in the combina-
tion of both outputs of the high-bandwidth actuator (G.,,) and the low-bandwidth actuator (Gcimpai)-
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Starting from the reference angle the path gets split into the "Chief’ path and the "Deputy” path. In the
Chief path, the total error in the system gets directly fed into the chief controller which then places a
control input for the high-bandwidth actuator. The objective of this path is to minimize the tracking error
by making use of the higher bandwidth of the high-bandwidth actuator. For the controller logic of this
work, the OIM5001 FSM has been selected as the chief actuator due to its high angular-rate bandwidth,
which allows for faster response times when compared to the L-350 telescope gimbal (coarse actuator).

Next is the Deputy control path, which at its input receives the total tracking error of the system
together with the estimate of the high-bandwidth actuator position. The aim is to combine both inputs,
such that the low-bandwidth system can start working on removing both the total tracking error of the
system and start off-loading the high-bandwidth actuator, by taking into account its position. To achieve
this the total error in the system (e.i. ) as well as the estimate of the high-bandwidth actuator position
(E¢sm) are both added up and fed as the deputy error (eqeputy) into the deputy controller (C's,,). Next,
the control input of the deputy controller is sent to the low-bandwidth actuator (Ggime.:) and its output
(67sm) is added together with the output of the high-bandwidth actuator (¢;..,), to acquire the total out-
put of the system (0,,:4;). Lastly is the feedback path which passes through the QPD tracking sensor
(Poprp) which represents the sampling time delay of the system and ultimately its feedback to compare
the current system position to the desired reference position.

Equation 4.8 and Equation 4.9 are introduced as short-hand notations of the chief and deputy con-
troller sections, as to limit the amount of space required for the subsiding systems response transfer
functions. Note: to save space Ggmpe Can represent either elevation and azimuth actuator models,
this is motivated by the fact that it is relevant for this section to investigate the overall system perfor-
mance, since both elevation and azimuth models are tunned to the same controller bandwidth and
phase margin, they both produce the same system frequency responses.

Prsm(8) = Crsm(s) * Grsm(s) (4.8)

Pgirnbal(s) = Ogimbal (5) * Ggim,bal(s) (49)

4.3.2. Augmented Open loop and Closed loop response

This subsection aims to discuss the equations utilized to determine the Augmented Open Loop re-
sponse and the Closed loop response of the DSAS. These equations are critical to determine the type
of performance which can be expected of the DSAS. Equation 4.10 describes the Augmented Open
Loop response of the system. Note: These transfer functions make use of the in-built assumption
of the controller being capable of accurately predicting the precise pointing actuator position. This
assumption is carried over for the determination of Equation 4.11 which describes the Closed loop
response and for the rest of the transfer functions part of the DSAS control design.

AOL(S) = [Pfsm(s) + qumbal(s) * (1 + Ofsm * Efsm)] * PQPd
= [Prsm(8) + Pyimbai (8) + Prsm(8) * Pgimpal(s)] * Ppga

_ Pfsm.(s) + Pgimbal(s) + Pfsm(s) * Pgimbal(s)
1+ [Pfsm(s> + qumbal<5> + Pfsm(s) * Pgimbal(s)] * qud

By making use of the Augmented Open loop and Closed loop functions it is then possible to de-
termine the frequency response of the DSAS. As visible in Figure 4.16, the augmented open loop
response is quite similar to the response of the PPAS, which is the dominant (Chief) controller. The
effective bandwidth displays a similar behavior of a large gain margin at lower frequencies, indicating
adequate performance of the system at lower frequencies. The Closed Loop response has a bandwidth
close to the Chief controller bandwidth close to 377 Hz.

(4.10)

C.L.(s)

@4.11)
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Bode Plot of Two Transfer Functions
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Figure 4.16: Augmented open loop and closed loop frequency responses of the DSAS shown as Bode plots

4.3.3. Augmented Open Loop and Loop sensitivity response

The next step is to determine the disturbance rejection capabilities of the DSSAS, to determine this,
it is then critical to determine the Loop sensitivity function of the system. This is fully described on
Equation 4.12, where the simplification due to accurate prediction of the high-bandwidth actuator is
utilized to reduce the terms present in the equation.

1
B 1 + [Pfs‘m(s) + Pgimbal(s) + Pfsm(s) * Pgimbal(s)] * qud

As visible in Figure 4.17, the Loop Sensitivity function response of the DSSAS follows closely the
response of the Augment Open Loop function, with similar performance to the one of the PPAS at
higher frequencies. While at lower frequencies the combined performance of both actuators allows for
a higher gain margin relative to the one achievable by either the CPAS or PPAS on their own. From the
information provided by these plots, one could argue that the DSAS potentially has adequate command
processing capabilities at lower frequencies and decent noise attenuation at higher frequencies.

L.S.(s)

(4.12)
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Bode Plot of Two Transfer Functions
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Figure 4.17: Augmented open loop and loop sensitivity frequency responses of the DSAS shown as Bode plots

4.3.4. Comparison of loop sensitivity functions

Due to similarities in the performance of the DSAS loop sensitivity function and the PPAS loop sensitivity
function, it is then relevant to investigate relative to each system the level of disturbance rejection
capabilities of each system. This is visible in Figure 4.18, where bode plots the loop sensitivity functions
of the PPAS, CPAS and DSAS are visible. Itis possible to argue that due to the much higher operational
bandwidth of the chief controller, it is to be expected for the loop sensitivity function of the DSAS
to approximate the one of the PPAS. However it is relevant to point out that the noise disturbance
bandwidth at lower frequencies of the CPAS is added to the DSAS, increasing its capacity to neglect
disturbances at lower frequencies.
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Figure 4.18: Bode plot of the comparison between the multiple sensitivity functions of the PPAS, CPAS and DDAS
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4.3.5. Simunlink model for actuator off-loading verification

Next is the determination of the Chief and Deputy actuator performance, to assess if the control logic
design of the DSAS properly off-loads the high-bandwidth actuator, the Simulink model shown in Fig-
ure 4.19 has been developed. It incorporates a similar loop logic as the one shown in Figure 4.15, with
the addition of the step reference input (unit amplitude) and the sensor noise representing a tracking
error of 88.6 udegrees. Note: In this case the model is performed with a single actuator model for the
gimbal actuator, as it is relevant to determine the controller response rather than the controller output
torques (which are axis dependent).
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Figure 4.19: Simulink model of the DSAS incorporating a step response and tracking sensor disturbances

Next is the determination of the actuator response of the total system as well as the ones of the
chief and deputy actuators. This is shown in Figure 4.20, where the step response of the DSAS can
be seen. It is possible to remark that the total displacement of the system follows closely into the pure
response of the PPAS, however as time progresses, the deputy actuator slowly is able to respond to
the reference command and start offloading the displacement of the chief actuator. It is noteworthy
that to enhance the transition the controller bandwidth of the deputy controller could be increased, to
potentially minimize the possibility of the chief actuator reaching its angular range limits.
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Figure 4.20: Step response of the DSAS simulink model response, shown at the top plot is the total displacement of the system,
middle plot represents the chief actuator displacement and lastly, the bottom plot represents the deputy actuator displacement



Dynamic Error Budgeting analysis of
the simulation models

This section aims to discuss the results obtained via the Dynamic Error Budgeting (DEB) design ap-
proach. For readers unacquainted with the DEB design approach, a brief introduction to the method
and its key assumptions is provided in Appendix G under the Brief introduction to Dynamic Error
Budgeting analysis section. Moreover, to center the core of the report, the results obtained from per-
forming DEB analysis on the PPAS and CPAS are summarized in the PPAS and CPAS Dynamic Error
Budgeting analysis summary of results section. While the detailed discussion of the DEB loop logic,
equations, angle and angle-rate results are provided in Appendix G, under the PPAS Dynamic Error
Budgeting analysis and CPAS Dynamic Error Budgeting analysis sections.

With the main research outcomes of the individual stages presented, the chapter advances to the
DSAS Dynamic Error Budget analysis section, where the DEB test logic, DEB performance-specific
functions are discussed. To limit the length of this section, the DEB frequency response plots and
individual results are provided in Appendix G under the DSAS DEB analysis performance and plots
section.

5.1. PPAS and CPAS Dynamic Error Budgeting analysis summary of

results

Before discussing the results of the DSAS, it is relevant to justify the need for a dual-stage system,
therefore in this section aims to present the performance results of the PPAS and CPAS, to provide the
reader with information, as to why each system individually is not capable of fulfilling the performance
requirements to perform FSOC on board a frigate-sized ship. Note that for the DEB results of the
CPAS analysis, an additional assumption has been performed, that is a small angle approximation with
respect to the pitch, roll and yaw angles of the boat remaining low enough such that the disturbances
caused by the pitch and roll motions can be compensated purely by the elevation actuator model, while
the yaw motions purely by the azimuth actuator model.

Visible in Table 5.1 are the performance results from the DEB analysis, notable from these results
are the pointing angle and pointing angle-rate errors, which are crucial to comply with PATR-01, here
the PPAS is capable of delivering adequate performance to stay well below the 50 [urad — %‘f] point-
ing requirement, moreover here is where the CPAS encounters severe challenges, as it is unable of
fulfilling these pointing requirements, even for the higher bandwidth controller setting of the CPAS.

The next performance requirement that is relevant to motivate the need for a dual-stage system is
the angular and angular-rate efforts, which in this case are well within the specifications of the CPAS,
however the angular effort required for the PPAS is beyond the angular range achievable by the ac-
tuator which tops at +3 degrees [38]. Since both systems are incapable of both meeting pointing

46
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requirements as well as actuator performance specifications, the individual systems can be considered
on their own as unsuitable for performing the task at hand, therefore motivating the choice of combin-
ing these systems into the dual-stage system. Note: There is missing information regarding torque
and power limitations for the PPAS actuator, therefore it would be recommended in future works to
determine if the performance requirements fall within the specifications of the actuator. The controller
torque and power requirements are within the specifications of the CPAS actuator, being rated for a
maximum-continuous torque of 20 N x m and having a maximum power supply of 1800 W ( 120 VAC
15A IEC Type B Regulated Power Adapter [48]).

Table 5.1: PPAS and CPAS DEB analysis performance results

Total RMS (3 o) error/per-

‘ PPAS (398 Hz) CPAS (10 Hz2) CPAS (500 Hz)
ormance req.

Pointing angle error 37 62 493.20 2049
[urads]

Pointing ~ angler  effort = ,g 5 2531.80 280.88
[durad/sec]

Torque [N * m] 0.014 7.225 12.085
Power [W] 0.165 18.37 94.267
Angular effort [degrees] 9.06 9.06 9.06
Angular-rate effort 4 603 6.696 6.696
[degrees/sec]

5.2. DSAS Dynamic Error Budgeting analysis

This section aims to cover the DEB analysis design and results of the DSAS. It starts by presenting
the DEB loop logic, where the disturbance inputs and output performance locations are covered, next
are the DEB DSAS equations, in which the total actuator performance, individual (chief & deputy) con-
troller/actuator performance and loop-specific sensitivity functions are covered.

The DSAS DEB loop logic diagram is shown in Figure 5.1, it is relevant to note that the sources
of disturbances are introduced once into the system, contrary to adding it to each of the chief/deputy
actuator paths, the same is applicable to the tracking sensor error. Visible in the figure are the 5
different system performance outputs, these are in place to determine the individual performance of
specific elements part of the DSAS.
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Figure 5.1: DSAS DEB analysis loop logic
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5.2.1. DSAS DEB equations

With the DSAS loop logic covered, the multiple DEB closed-loop performance equations are determined
next. As the DEB equations of the DSAS can get lengthy, Equation 5.1 and Equation 5.2 provide a
short-hand notation for the combination of the chief/deputy controller and actuator paths.

Pfsm = Cfsm * Gfsm (51)

Pgimbal = Cgimbal * Ggimbal (52)

The main DEB closed-loop output performance for the entire combined system is described by
Equation 5.3. Note that due to the fact that the disturbance inputs are placed within the total combined
forward and feedback paths only two loop-specific sensitivity functions are required.

Sypsas(W) = ‘HdSGS(jZﬂ'w)F * Sp1(w) + |Hdsas—ts(j27rw)‘2 * Spo(w) (5.3)

It is relevant to highlight that for Equation 5.4, the total complete loop sensitivity function is de-
scribed first as a direct translation from the DEB DSAS loop logic diagram. However the equations
can be grouped into a simpler representation, via the assumption that the chief actuator output can
be estimated accurately, that is Ef,,, = Gjysm. This assumption is applied with the rest of the DEB
equations to simplify notation.

1
Hisas(j2mw) =
dsas (] ) 14 [Prom + (1 4+ Efsm * Crsm) * Pgimpal] * Popp
' (54)
14 [Prsm + Pyimbal + Prsm * Pyimbat] * Popp
Hisnets (j27rw) = Hjgas * [Pfsm + Pgimbal + Pfsm * Pqimbal] * PQPD (55)

Next is the determination of the closed-loop output performance of the chief and deputy actuators,
these are described by Equation 5.6 and Equation 5.8. Note that loop-specific sensitivity functions of
the chief/deputy actuators Equation 5.7 and Equation 5.9 only modify the total loop sensitivity function
by the logic path, tracing back to the disturbance inputs, therefore for the case of the chief actuator
is a single logic direction, while the deputy actuator passes through the combination of the direct total
system error path and the chief actuator estimation path.

SYDSAS*GC;wa (w) = |Hd$(18—9ch1ief (j27Tw)|2 * (921 (w) + Sa2(w)) (5.6)
Hdsasfﬂch,f,ef (]277(*)) = Hdsas * Pfsm * PQPD (57)
SYDSAs—edepuw (W) = |Hd5a570dcputy (jQﬂ'w)P * (Sfrl(w) + S$2<w)) (5.8)
Hdsas—Gdeputy (]27TLU) = Hdsas * [(1 + Pfsm) * Pgi’mbal] * PQPD (59)

Lastly are the DEB closed-loop performance equations of the chief/deputy controllers, these are
fully described by Equation 5.10 and Equation 5.12. While the loop-specific sensitivity functions are
described by Equation 5.11 and Equation 5.13.

SYDSAS—UCMEf (w) = |Hdsa's_uchiﬁf (j27rw)|2 * (Sﬂﬂl (w) + SJCQ(W)) (5.10)
Hdsas—UcMef (j27T(.AJ) = Hgsas * Cfsm * PQPD (511)
SYDSAS—UdePMy (w) = |Hd5a3_udeputy (j27rw)‘2 # (Sp1(w) + Se2(w)) (5.12)
Hdsastdequ (]27rw) = Hdsas * [(1 + Pfsm) * Cgimbal] * PQPD (513)

Now with the DEB equations in place, it is then possible to perform the DEB analysis for the DSAS,
a dedicated section to discussing the base performance configuration and frequency response plots of
the DSAS with a chief controller working at 398 Hz and a deputy controller working at 10 Hz can be
found in Appendix G under the DSAS DEB analysis results and figures section.
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5.3. Summary of Dynamic Error Budgeting analysis results and re-

qu1rements verification
This section aims to conclude the chapter by summarizing key performance results obtained via the
DEB analysis design approach. The results center on the discussion of several control bandwidth con-
figurations of the DSAS, to provide information regarding the performance specifications required to
comply with PATR-01.

There are two main performance configurations, the base configuration utilizes a chief controller
operating at a bandwidth of 398 H 2z (this is the bandwidth fitted to 1mrad per 1 ms, discussed in chap-
ter 4 under the PPAS control model section), while the deputy controller bandwidth ranges from 10 Hz
to 500 Hz. The second configuration utilizes a chief controller operating much closer to its bandwidth
limit at 765 Hz which is under 10 % of the maximum bandwidth (3 dB bandwidth >850 H > [38]) with
the deputy controller bandwidth varying along the same frequency ranges as the base configuration.

In Table 5.2, the total RMS (30) pointing errors and performance requirements for the multiple con-
troller configurations can be seen. Notable from these results are the higher bandwidth configurations
namely 398/500 Hz and 765/500 Hz which both are capable of complying with PATR-01, while the
pointing angle error requirement can be met with the base configuration of 398/10 Hz, it is the point-
ing angle-rate the one which appears from the results presented, the harder requirement to comply with.

By comparing the results with an increase in deputy controller bandwidth it can be seen that ulti-
mately the pointing angle-rate requirement can be met. However, this results in an increase in the
torque and power required by the deputy controller. At the highest two performance configurations, it
can be seen that the deputy controller requires =~ 12 N x m and has a power consumption of ~ 94 W,
which is an increase from the base configuration of ~ 66.2 % and ~ 412.8 %, both still falling under the
specifications of the deputy actuator, thus possible to argue that both configurations appear to success-
fully comply with PATR-01 and by incorporating both precise and coarse actuators also comply with
PATR-01-01 and PATR-01-02. Table 5.3 aims to provide a clear overview of the compliance against
the requirements of the multiple systems.

Another relevant remark from the acquired results is the fact that increasing the chief controller
bandwidth allows for a significant performance improvement, for all deputy controller bandwidths. From
the results presented, it can be noted an ~ 30 % improvement for the pointing angle error and a = 40 %
improvement over the pointing angle-rate error.
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Table 5.2: DSAS DEB analysis performance results for multiple controller bandwidths
Total RMS (3 o) DSAS DSAS DSAS DSAS DSAS DSAS DSAS DSAS
g (398/10)  (398/100)  (398/300)  (398/500)  (765/10)  (765/100)  (765/300)  (765/500)
Pointing angle er- = 54 7¢ 14.67 7.06 425 15.69 8.82 4.41 2.83
ror [urads]
Pointing angle-
rate error ~ 308.00 207.01 90.01 47.22 176.87 116.87 50.84 26.85
[urads/sec]
?hief Controller 7 7¢ 67.22 30.36 16.23 99.60 61.40 27.64 14.75
orque [uN * m]
.'?ep“ty Controller = 7 555 10.996 12.179 12.067 7.222 10.999 12.182 12.069
orque [N * m]
ghief controller 4 47 0.994 0.432 0.225 1.353 0.91 0.39 0.20
ower [mW]
gep”ty controller g 336 71.12 95.05 93.972 18.336 7117 95.10 94.00
ower [W]
fChief Actuator ef- g 4q 7.015 2.435 1.229 27.98 6.655 2.260 1.35
ort [mdegrees]
Deputy = Actuator g q5¢ 9.061 9.061 9.061 9.066 9.061 9.061 9.061
effort [degrees]
Chief Actuator-
rate effort = 154.43 84.40 34.77 17.90 145.96 77.99 31.93 16.42
[mdegrees/sec]
Deputy Actuator-
rate effort ~ 6.696 6.694 6.695 6.695 6.696 6.694 6.694 6.695
[degrees/sec]
Table 5.3: Verficiation against critical requirements
. DSAS DSAS
Requirement ID PPAS (398) CPAS (500) (398/500) (765/500)
. Non- . .
PATR-01 [ Compliant compliant Compliant Compliant
50 pwprads — (37.62 / (20.50 / (4.25 / (2.83 /
prads/sec] 28.21) 280' 88) 47.22) 26.85)
Non- Compliant Compliant
compliant Non- (Controller (Controller
Actua- compliant and actuator and actuator
PATR-01-01 ( piiant.
tor range (No precise are  under are  under
beyond actuator) specifica- specifica-
+3 degrees) tions) tions)
Compliant Compliant Compliant
Non- (Controller (Controller (Controller
compliant and actuator and actuator and actuator
PATR-01-02
(No coarse are  under are  under are  under
actuator) specifica- specifica- specifica-
tions) tions) tions)



Verification of results

This chapter aims to provide the reader with information regarding the steps taken to verify the results
obtained from the performed research. The objective is to provide information about different alterna-
tive methods that can be utilized to compare the obtained research results.

To achieve this the chapter is divided into three sections, the first section centers on verifying the
frequency processing pipeline, which has been discussed in chapter 3 and Appendix A. The next
section centers on comparing the obtained Dual-stage closed loop and sensitivity transfer functions
discussed in chapter 4, to representative transfer functions which can be found in currently available
research. The chapter concludes with the comparison of Dynamic Error Budgeting frequency response
analysis discussed in chapter 5, to system response from alternative time-analysis methods.

6.1. Frequency processing pipeline

This section aims to provide the reader with information regarding the procedure utilized to determine
the frequency processing pipeline’s reliability and verify the consistency of the analysis results of the
ship-wave motions dataset. Note: this section focuses on the discussion of the accuracy of the fre-
quency processing pipeline, for further information about the specific procedures utilized in the fre-
quency processing pipeline readers are referred to chapter 3 and Appendix A.

The procedure to determine the accuracy of the frequency processing pipeline starts by defining the
characteristics of a known signal. This contrasts with the data set utilized in previous chapters, where
the ship-wave interactions arise from stochastic processes, thus making it challenging to determine the
specific characteristics of those signals. For the procedure in this section, Equation 6.1 provides an
analytical description of the test signal which is a white (gaussian) noise signal with a zero mean and
a definable standard deviation.

Win(t) =p + o *&(t) (6.1)

Where p represents the mean, which in this case is equal to zero, ¢ is the standard deviation, for
this test is chosen as unit-less unit value and ¢ represents a stochastic process of a set of independent
identically distributed variables which are obtained from a normal standard distribution, sized accord-
ingly to the simulation duration.

Now with the test signal discussed, next is to discuss the logic of the test procedure. The fundamen-
tal idea is to apply all the processing steps that have been utilized as a part of the frequency analysis,
including (hamming) windowing, zero padding, Discrete Fast Fourier Transform, conversion of the two-
sided spectrum to a single-sided spectrum, power spectral density computation and normalization of
amplitude. These steps are applied to the test signal with the help of two custom-made functions 'pre-
process_for_dft’ and 'normalize_amplitude_dft and_psd_creation’. The script where the functions are
implemented together with the rest of the testing procedure can be found in Appendix .
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Next is to discuss the procedure utilized to estimate the original standard deviation of the signal,
since after applying the frequency processing pipeline one can end up with the Power Spectral Density
(PSD) function of the signal, it is then possible to utilize the relationship between the PSD and the
variance of the signal. The relationship between the two is related to the total power of the signal since
the original test signal has a zero mean, the variance of the signal quantifies as its total power. Thus
by integrating the PSD function over all the relevant frequencies (since the signal is discrete in this test
case), one can determine the total power of the signal, which in this case equates to the variance of the
signal, therefore by taking the square root of the variance one can estimate the standard deviation, this
is described by Equation 6.2. For readers who are interested in the derivations related to this analytical
outcome and are looking for further information about signal processing, are referred to [57].

fs/2
O pstimate — /0 S(f) df (6.2)

Where S(f) represents the output PSD obtained via the frequency processing pipeline, note that
since it is being worked with a single-sided power spectral density function the limits of the integral
range from the zero frequency to the Nyquist frequency (half of the sampling frequency f,). For this
simulation, the sampling frequency is left at 200 H z, just as in the original data set utilized in this work.
With the method to estimate the variance of the test signal discussed next is to discuss the results. In
Appendix |, the full-size plots of the time signal before processing, the resulting power spectral density
plot of the signal after the processing steps and the time signal plot after the window and zero padding
can be found.

In Table 6.1, the summary of results achieved via the verification script reference earlier can be
seen. Note that all the simulations have been performed for a unit standard deviation, as it is of interest
to determine the effects of simulation time rather than changes in standard deviation values. It is
relevant to note that the presented results are the resulting average estimated resulting from running 10
simulations with equal time, margins (+) are provided as additional information regarding the difference
between obtained results.

Table 6.1: Frequency processing pipeline test signal variance estimate results

Difference to actual

Duration of simulation Estimated variance [%]

1 second 0.947 £+ 0, 12 -5.30
10 seconds 0.975 £+ 0,07 -2.50
50 seconds 0.986 + 0,05 -1.40
100 seconds 0.994 £+ 0, 05 -0.60
200 seconds 0.998 £+ 0, 05 -0.20
Total average -2.00

From the results visible in Table 6.1, it is possible to argue that the frequency processing pipeline
could estimate the original standard deviation of a signal within a given margin of error. It could also be
argued that increasing the simulation time could help decrease the margin of error, as the simulation
results for longer simulation times appear to approximate the original standard deviation value better.
Via this verification check it is possible to argue that the frequency processing pipeline can be effec-
tive at determining the standard deviation of known test signals, however in the scope of work of this
research, the frequency processing pipeline has been utilized for processing stochastic signals arising
from ship-wave interactions, whose properties are unknown.
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Therefore the results provided in this research are specific to the data set provided, which corre-
sponds to a specific ship under a specific environment with continuous signal durations of 180 seconds.
To extend these results to different ships, operating in different environments, requires performing ad-
ditional measurements, thus being considered outside the scope of work of this research. To further
verify the validity of the presented results of this research, it would be required to extend the contin-
uous signal duration, which requires performing additional measurements, which in turn could create
the opportunity to perform the measurements at a higher sampling rate which could allow to recreate
higher-frequency stochastic phenomena potentially occurring onboard a ship.

6.2. Dual-stage closed loop and sensitivity transfer functions

The next section of this chapter centers on the verification of the transfer functions which have been
utilized to evaluate the performance of the Dual-Stage Actuator System (DSAS), as to verify the correct
control logic design of such transfer functions. To achieve this the closed loop and sensitivity transfer
functions obtained in chapter 5 at the DSAS DEB equations section, are compared to transfer functions
in research papers where dual-stage controller design has been utilized.

Starting with the closed loop dual-stage transfer function which can be expressed as in Equation 6.3,
which in this case is equivalent to the sensitivity function specific to the tracking sensor error, as the
position where the disturbances are entering the dual-stage control logic is in the feedback path, as
it has passed through the entire system at this point is then possible to equate it to the closed loop
transfer function.

[Pfsm + Pgimbal + Pfsm * Pgimbal] * PQPD
1+ [Pfsm + Pgimbal + Pfsm * Pgimbal} * PQPD

Now with the closed loop transfer function of the dual-stage controller described, it is possible to
compare it to the closed loop transfer function by [6], in which research over a dual-stage piezoelectric-
actuated micropositioner is performed, the closed loop transfer function proposed by this research
paper is described in Equation 6.4. The control logic diagram utilized in this research is visible in
Figure 1.11.

(6.3)

Hclosed loop = Hdsasfts =

y  Gi1+Ga+GrxGy Gi1+ G2+ G Gy

Hy=>= = 6.4
Ly T 0+ G +G2)  1+4Ga+Gi+GaxGy (6-4)

Where G1 = P «Ciand Go = P, C, each represent the coarse and fine pointing stages,
respectively. Moreover, the assumption that P, = P, refers to the same assumption utilized in this

research which mentions that the control system is capable of estimating the fine pointing displacement
position, as to equate the actuator estimate to the actual actuator displacement. By comparing the two
transfer functions presented so far one could argue that regarding the main contents of the transfer
functions, each is equivalent to the other, therefore, it is possible to argue that the closed-loop transfer
function is verified against other closed-loop transfer functions from equivalent research. Note that the
delay transfer function (P,,4) is missing in the second closed-loop transfer function as time delays are
not accounted for in most research articles, however, removing this term from the former closed-loop
transfer function results in an equivalent expression.

Next is the verification of the dual-stage sensitivity transfer functions, Equation 6.5 provides the
expression of the dual-stage sensitivity transfer function utilized in this work.

1
1+ [Pfsm + Pgimbal + Pfsm * Pgimbal] * PQPD
Next is to compare the utilized sensitivity transfer function to other research articles, in this case, [32]
provides a comparable sensitivity transfer function, as the research performed in that article focuses on
investigating the closed-loop sensitivity response of a dual-stage servo system for compute disk drives.
The sensitivity function proposed in this article is described by Equation 6.6, while Figure 1.12 provides
a figure of the sensitivity block diagram.

Hdsas - (65)

1 1 1 1

11Ky +Gy 1+ Kn%G, (+P)1+Pn) 14 PntP,+Pp*P,

St (6.6)
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Where P, = K, xG, and P,, = +K,, * G,. Now with both expressions fully expanded for ease
of comparison, it can be argued that by omitting the time delay in the first sensitivity function, one can
argue that they are equivalent to each other, thus verifying the validity of the sensitivity function.

6.3. Dynamic Error Budgeting frequency response

This chapter concludes with a discussion of the verification process utilized to compare the analysis
results from the Dynamic Error Budgeting approach. To perform the verification, it was chosen to per-
form a time-based simulation in Simulink, in which the time signals of the disturbances are fed into the
DSAS, and its response to such disturbances is recorded into arrays, which allow for further processing
in a regular Matlab script.

The Simulink model of the DSAS angle rate can be seen in Figure 1.13, the blocks to the left side
correspond to the input time signals, for which windowing and zero padding have been applied. The
blocks in the center correspond to the specific sensitivity function and the blocks on the right side per-
form measurements at a consistent sample rate of 5 ms or 200 H z to match the original signal sample
rate, since the simulink auto solver can perform the simulation at smaller time-steps. Note : the ap-
plication of a hamming window function and zero padding to the input disturbance signals has been
based on the choice of attempting to recreate similar conditions to the ones occurring at the frequency
analysis. Moreover, the hamming window function could be stabilizing the time-based results at the
initial sections of the simulation, as when the time-based signal was fed directly into the Simulink model,
it was seen to result in large amplitude spikes for the initial seconds of simulation, which could affect
the analysis results.

With the output of the DSAS via the Simulink model, next is the interpretation of output arrays,
this has been performed via two different methods, the first method directly determines the standard
deviation in the output array, while the second method applies the rest of the frequency processing
pipeline to obtain the PSD of the output signals, then the PSD function gets integrated across the
relevant frequencies, to obtain the variance (which its square root value is equivalent to the standard
deviation). The results from performing both analyses can be seen in Table 6.2. Figures of the output
time simulation analysis, the output power spectral densities and the code utilized to process the output
results can be found in Appendix .
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Table 6.2: Results summary of the performance results of the time analysis and DEB analysis

Time STD. Time fre-

. DEB [urad- Diff. To DEB Diff. To DEB

Disturbance o [prad- [%] quency [prad- [%]
praa/sec urad/sec] ° urad/sec] °

Pitch angle 2.98 3.06 2.68 3.05 2.34

Roll angle 0.18 0.20 11.11 0.19 5.55

Yaw angle 3.70 3.80 2.70 3.78 2.16

QPD angle 0.38 0.36 -5.26 0.39 2.63

Total angle 7.25 7.35 2.38 7.41 2.20

Pitch angle = 54 95 38.46 -2.01 39.50 0.63

rate

Roll - angle = 4 g7 22.06 0.40 22.31 1.54

rate

Yaw - angle 4 5 4350 5.96 4116 0.26

rate

QPD  angle () 54 0.37 -2.60 0.36 .5.26

rate

Total —angle 44, g6 104.41 1.70 103.35 0.66

rate

Total average 2,74 1.27

As visible from Table 6.2, the results obtained from the time analysis remain close to the original
results from the complete frequency analysis approach, while the standard deviation results have a
slightly higher total average when compared to the results acquired from part-time simulation and part
frequency analysis, it could be argued that the latter could be closer to the results acquired from the
DEB approach as these undergo similarly frequency processing steps, which could potentially affect
the averaged results. Moreover, one aspect that has been seen throughout the time analysis plots
(visible in Appendix |) is the fact that the time-based simulation appears to have difficulties with rep-
resenting the response of the system at the lowest frequencies, this could perhaps be caused by the
time analysis requiring longer simulation times, when compared to the frequency response of the DEB
analysis.

This can be motivated based on the type of response that is expected of the DSAS, as in the Bode
plots of the closed loop and sensitivity transfer functions (seen in Figure 4.17), the system shows an
increasing capacity of dampening disturbances occurring at frequencies lower than 0.1 Hz, which is
also seen in the DEB frequency response plots (Figure G.21). However, the contribution of the system
response of the lowest frequencies appears to be low enough such that the results from integrating
all the system responses remain low enough such that the total average remains within the 3 — 2 %
mark when compared to the DEB results, therefore it is possible to argue that the obtained results are
comparable to each other, which allows for the argumentation of the verification of the DEB frequency
response results.



Conclusion

This work has aimed to answer the main research question regarding whether a dual-stage optical
communications terminal could be capable of achieving sufficient pointing precision, which allows for
performing Free Space Optical Communications (FSOC) in naval environments.

To achieve this a simulation strategy consisting of 3 main steps has been employed. The first step
involved the frequency analysis of the ship-wave motions, as a method to obtain the disturbance spec-
tra representing the naval environment. The second step involved the creation of simulation models
which started by representing each of the actuator stages individually (namely the Precise Pointing
Actuator Stage PPAS and the Coarse Pointing Actuator Stage CPAS), as to later combine them into
the Dual-Stage Actuator System (DSAS). The last step involved the disturbance spectra and the 3
simulation models, these are utilized as inputs for the Dynamic Error Budgeting (DEB) analysis, which
approximates the achievable performance of the simulation models.

Before discussing the results of the DSAS, it is relevant to motivate the need for a dual-stage setup
for performing FSOC in naval environments. To this end, the DEB performance results of the PPAS
and CPAS can be utilized. Critical in determining the suitability of an optical communications terminal
for FSOC is its pointing angle and pointing angle-rate errors, for this work PATR-01 provides the re-
quirement for the setup to reach a pointing angle and pointing angle-rate errors below 50 prads — %
While the pointing errors of the PPAS meet the pointing error requirements ( total RMS (30) of 37.62
prads and 28.21 #1445 respectively), the required actuator angular range is at 9.06 degrees, which lies

sec

beyond the performance specifications of the precise actuator (namely +3 degrees [38]).

Next are the performance results of the CPAS, which is capable of meeting all actuator and con-
troller performance requirements, however incapable of meeting the pointing error requirements (with
a total RMS (30) of 493.2 prads and 2531.80 45995 respectively). From both of these results, it is

sec

possible to argue that individual actuator stages are not suitable for FSOC in naval environments.

Next are the DSAS results, which are comprised of multiple controller bandwidth configurations,
which aim to identify the controller configuration which is capable of complying with the pointing error
requirements. Notable from these results are the highest performance configurations with chief and
deputy controller configurations of 398/500 Hz and 765/500 Hz. Both of these are capable of comply-
ing with the pointing requirements each remaining ~ 5.5% and ~ 46.3% below the pointing angle rate,
while both achieving to remain > 90% under the pointing angle requirement. Furthermore looking into
the performance requirements for each actuator it is notable that what is demanded for each stage is
well within their respective specification limits, for example, the angular range for the chief (precise)
stage is only required 1.2 — 1.4 mdegrees of range.

It is of great relevance to support the performance claims under this work, to achieve this 3 verifica-
tion steps have been performed. The first step involved the demonstration of the correct functioning of
the frequency analysis, this has been obtained by passing a test signal with known properties through
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the entire frequency analysis pipeline. It was then possible to determine that the estimated properties
differ from their original properties by only an average of 2%. The second step involved verifying the
control design of the DSAS, to achieve this the transfer functions developed under this work, were
compared against equivalent transfer functions from research papers, which were found to be equiv-
alent to each other. The last step involved verifying the performance results obtained from the DEB
design approach, to achieve this an alternative time analysis simulation has been utilized to reproduce
the performance results. The difference between the results obtained from the alternative simulation
methods and DEB analysis remains at a margin of 1.3 — 2.8 %.

Based on the research outcomes of this work, it is then possible to argue that a Dual-Stage optical
communications terminal with a chief-deputy controller configuration of 398 /500 H z or 765/500 Hz can
be capable of performing FSOC in naval environments by fulfilling PATR-01 pointing requirements and
PATR-01-01, PATR-01-02 actuator specification sub-requirements, with a preference for the higher-
bandwidth configuration. Moreover given the significant reduction in the required angular range of the
chief actuator, if further performance improvements over the pointing errors are desired, changing the
OIM5001 for an actuator with a smaller angular range but higher control bandwidth, could potentially
further increase the pointing precision of the DSAS setup.



Recommendations for future work

This chapter aims to provide the reader with ideas/recommendations regarding actionable items for
future work, these are included in the following points. Note that the placement order (ranging from
top to bottom), aims to build upon the previous recommendations, as to further mature the project
readiness level.

* Performing direct system identification of the actuator models: The analysis performed in
this work has relied on the research performed by other research to re-create the dynamics for
the FSM actuator, while a rough estimation has been performed regarding the gimbal actuator.
This could over or under estimate controller torque and power requirements. By determining the
system and its characteristics more thoroughly it would be possible to improve such estimates,
to gain a better understanding of the required actuator performances.

» Expansion of the frequency range of the IMS measurements: The current data set utilized
for this work, has been sampled at 200 H z, however interesting phenomena such as sudden fre-
quency spikes have been observed close to the Nyquist frequency (100H z). As these phenom-
ena start playing a significant role in the pointing error contribution, it would be recommended to
investigate the accumulation of pointing errors with data sets with much higher sampling rates.

* Introduction of external (passive/active) dampening into the performance analysis: As
the build-up in pointing errors for most of the analysis picks up close to the highest frequencies,
it would recommendable to investigate the effects of a passive/active vibration isolation devices,
such as a spring damper, as itis likely that they could help in decreasing the transmitted vibrations,
thus capable of improving the achievable pointing error.

» Performing real-world testing of the dual-stage controller setup: The DEB analysis is typi-
cally utilized during early design stages to provide early feedback with respect to design elements
that require change, however, it would be advisable to eventually test a prototype in realistic con-
ditions, as to determine not only determine the precision of the DEB analysis but verify in realistic
conditions the actual operability of the system.
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Ship-wave inconsistencies with the
data set

The aim of this appendix is to provide a thorough discussion of the challenges introduced by the sam-
pling rate inconsistencies found in the entire ship-wave motion IMU data. The first section is devoted
to discussing in further detail the type of inconsistencies found in the data set. The next sub-section
covers an attempt to change the data set via linear interpolation, as a method for resampling the entire
data set, as well as its drawbacks, which ultimately led to discarding this method.

The following sub-section covers the approach taken in this work, which involves splitting the data
set into smaller data sets, that meet certain sampling requirements. The next section covers the pre-
processing steps regarding the application of windowing and zero padding functions, which are em-
ployed to prepare the smaller data subsets for being incorporated into the average disturbance analysis
in chapter 3.

A.l. Inconsistencies with the original data set

While examining the data set of the ship-wave interactions recorded by the IMS (sampling frequency
of 200 Hz) first discussed in chapter 2, several artifacts and inconsistencies were discovered. While a
certain amount of artifacts is expected when dealing with real-sampling devices, a relatively large pres-
ence of artifacts in the data set could introduce artificial amplitude peaks when looking at the higher
frequency spectrum of the DFT’s, thus inquiring further into such artifacts was necessary before utiliz-
ing the data for further analysis.

The identified artifacts are related to an inconsistent sampling time of the IMS. The reason behind
such sampling inconsistencies is unknown and since it affects the time vector, the recordings of the 6
DOF are all affected by it. To provide an idea of what such artifacts look like, see Figure A.1, which
provides a zoomed-in overview of the time-varying data series of the Pitch Rate motion.
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Pitch rate series (RAW) data from IMU set at 200 Hz ing rate
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Figure A.1: Artifacts in the sampled time data of the Pitch Rate motion

As visible in Figure A.1, the sampling artifacts introduce sharp changes in the data series, which
could potentially introduce high-to-mid frequency peaks. Since it would be difficult to determine the
difference between real peaks and those caused/induced by the sampling artifacts, further analysis
has been performed. It was critical to determine if the sampling artifacts were limited to only certain
sections of the data set, to further investigate upon this, the variance in time step over the data set was
investigated. To achieve this the difference between the nominal step size of 5ms (for a sampling rate
of 200 H z) and the current timestep was calculated for each sample and plotted as visible in Figure A.2.
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Figure A.2: Variance in time step size over the total sampling number

As visible in Figure A.2, the sampling artifacts are present all across the data set, albeit with certain
regions showcasing local regions of constant sampling time. This matches well with the information
portrayed in Figure A.1, where it can be observed that while there are multiple sets of data where the
sampling times are inconsistent, there are also sections of data that seem to appear as having ade-
quate sampling times.

A.1.l. Linear interpolation as a possible fix to sampling time artifacts

As discussed in the previous paragraph, there is a significant number of sections that showcase con-
stant sampling times. Moreover, since the sections with inconsistent sampling times are brief and
overlap between sections with constant sampling times, it was originally thought that by linearly inter-
polating the mean value at the sections with inconsistent time steps, the set could be re-formatted into
a set with constant time steps. Performing the linear interpolation utilizing mean values as fill-in values
for data missing in between the inconsistent sampling can be quickly achieved via the "retime” MATLAB
function. In Figure A.3, the results of applying this function to the data set are shown.
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Pitch rate series (Clean) data from IMU set at 200 Hz sampling rate
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Figure A.3: Constant time-step via linear interpolation of the pitch rate data series

While it is possible to determine from Figure A.3, that a certain amount of artifacts remain in the
modified data set, the rest of the data points appear to follow a consistent path. However, to determine
with clarity the effects of performing linear interpolation it is best to examine the results in the frequency
domain. Applying the DFT algorithm discussed in chapter 3 allows us to convert the data set from the
time domain into the frequency domain. Figure A.4 provides an overview of the differences between
the original (raw) and the modified (clean) data sets in the frequency domain.
4 S ' S , (‘Cle‘an‘&‘Sa‘v"f)Pitchra‘ﬁDﬁTiTu‘Zﬂ?h‘lﬂ‘a!‘a[Lwsc‘ale]{ R S , S

Clean data set| |
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Figure A.4: Comparison between raw (un-modified) and “clean” (linearly interpolated) data sets in the frequency domain, of
the pitch rate ship motion

One of the main remarks that can be drawn from Figure A.4 is the apparent dampening of peaks in
amplitude found at higher frequencies. It appears that manipulating the data set via linear interpolation
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has introduced dampening at higher frequencies. This could be the result of removing the majority of
the sharp changes in the data set due to the removal of sampling rate artifacts. By looking into the
re-sampled data is possible to notice that the variance in time steps for the modified data set is almost
completely removed and the remaining variance is limited to < X10~? seconds.

However the dampening could be affecting naturally occurring phenomena in the data sets, as some
of the peaks in amplitude in the frequency plots, could be arising from actual disturbances taking place
in the ship. Therefore further analysis of the data set is required to determine if the peaks in amplitude
are naturally occurring or artifacts from inconsistent sampling rates.

A.1.2. Narrowing the original total data set into smaller sets

Since the data set contains 9 hours and 37min of recorded data, another approach to determine if
peaks in amplitude seen in the raw data set (orange color) Figure A.4 are naturally occurring, is to split
the data set into smaller sets. Since we are interested in the behavior at higher frequencies (>0.01-0.1
Hz), selecting signals with durations larger than 30 seconds should contain sufficient information to ad-
equately characterize the higher-frequency phenomena. Moreover as visible in Figure A.2, there are
sections where the time-steps variations are kept to a minimal amount, thus confirming the existence
of such smaller data sets with constant sampling rates.

Since the data set is large and looking for such data sets could be time intensive if not as well
prone to human error (missing sections), an algorithm has been developed in MATLAB to search in
the data set for smaller regions with constant sampling rates. This algorithm/function can be found
in Appendix C. The function ("constant_sampling_intervals”) requires as inputs an array with only the
difference between the nominal sampling rate (this case being 5ms) and the actual sampling rate. It
also requires the minimum duration for which the signals should last with a continuous sampling rate,
to be added to the selection list. The step size i.e. nominal sampling rate and lastly the allowed differ-
ence between nominal sampling rate and actual sampling rate. The last one is required to be greater
than zero, since there is numerical noise involved with these calculations, thus a variance lower than
< X10 %seconds is being considered as a "constant” sampling rate, for this work.

Now with the right set of inputs, the function can then output the total number of intervals that fulfill
the requirements, the starting and finishing sample numbers of each interval and the duration of each
interval in sample number and seconds. To highlight the results from utilizing this function Figure A.5,
provides an overview of the terminal output for showcasing results matching the requirements of inter-
vals with a duration longer than 40 seconds and a variance between timesteps less than X10~8seconds.

>> identification of continous sampling

51377, End index = 59714, Duration = 8338 samples / 4.169000e+01 secs
1181584, End index 1190550, Duration = 8967 samples / 4.483500e+01 secs
1993340, End index 2001784, Duration 8445 samples / 4.222500e+01 secs
2445771, End index 2454231, Duration 8461 samples / 4.230500e+01 secs

Interval 1: Start index

Interval 2: Start index

2
Interval 3: Start index
4

Interval 4: Start index

Figure A.5: Terminal output of the constant_sampling_intervals function

A.2. Creation of data sub-data sets

Using the function described in the previous sub-section it was then possible to identify the longest
intervals in the data set which meet certain sampling requirements. Originally a variance in the nom-
inal sampling rate (that is the difference between the actual and the nominal 5ms sampling rates)
of < X108 seconds, was sought after. However the duration of each of those sets where below the
~ 47seconds mark, thus phenomena happening close to the 0.01 to 0.1 H z could be under-represented
or entirely missing. As a compromised solution, the requirement in nhominal sampling rate was de-
creased to < X107° to create larger data sets. This is aimed to capture the slower occurring phenom-
ena, while frequencies higher than 10 Hz are represented by the data sets of shorter duration but with
a variance in nominal sampling rate < X103,
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A.3. Windowing and Zero padding for pre-processing of the data

subsets
This section aims to provide additional information, regarding the procedures employed for pre-processing
of the shortened signals. The aim is to utilize the shortened signals as the basis for creating high and
low frequency data sets, which approximate as close as possible to the real (continuous) disturbance
signals, by minimizing the introduction of artifacts during signal processing. To achieve this, two com-
monly applied methods have been employed, these including function windowing and zero padding.

The former procedure involves the multiplication of the shortened signal by a window function, such
that the edges of the original signal end up tapered. The aim is to reduce the amount of spectral leak-
age, which could arise from discontinuities being introduced, by abruptly cutting a section of the original
signal. The undesirable effect of spectral leakage is the spreading of energy across frequencies instead
of remaining confined to specific frequencies.

The fundamental working principle of the window is to "force the amplitude of the input time se-
quence at both the beginning and the end of the sample interval to go smoothly toward a single com-
mon amplitude value”[33]. There are several window functions available for implementation, however
for this research, a Hamming window function has been selected.

The decision is based on the capacity of this function to reduce spectral leakage while maintaining
a reasonably narrow main lobe. While it is not capable of achieving the ultra-narrow main lobe of a
rectangular window, it is still capable of providing higher frequency resolution when compared to other
window functions with lower side lobes. Paired with the fact that such window function is provided with
the in-built functionality in MATLAB, as well as not requiring specific tunning such as the Kaiser window,
are the main reasons for choosing this window function over others. The Hamming window function
can be expressed analytically utilizing:

2
w(n) = 0.54 — 0.46 cos(%) (A1)
Valid forn = 0,1,2,...,. N —1.

A.3.1. Compensation for decrease in resulting magnitude as a result of applying
a windowing function

Before presenting the results of applying the windowing function and comparing them to the original

signal, it is relevant to address the issue of reduction in amplitude as a by-product of the windowing

function. Since the signal is being tapered at the beginning and end of the interval of the signal duration,

the total energy contained in the signal is affected as well.

To address this, it is possible to create a compensation ratio that is capable of making up for the

difference in the windowed amplitude and the original amplitude. To understand how this work is useful
to define the total energy of a discrete-time signal z[n] is defined as:

N—-1
E, =) |z[n]] (A.2)
n=0

When a windowing function w(n] is applied to the signal, the resulting windowed signal y[n] is equal
to the following:
y[n] = z[n] - win] (A.3)

N-1
Ey = lyllF =) lz[n) - win]® = Y |z[n]? - jwln]]® (A4)
n=0 3
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This can be rewritten in a more convenient format as follows:
N—-1
Ey=E,- Y |wn] (A.5)
n=0

To compensate for the amplitude loss due to applying the windowing function, it is then necessary
to adjust the amplitude of the windowed signal. The aim is that its energy matches the energy of the
original signal. The ratio of the energies gives the following scaling factor. Let W denote the sum of
the squared window values:

N—-1
W=">" |wn] (A.6)
n=0

From the energy relation, it is possible to set the following equality:
E,=E, - W (A.7)

To compensate for the amplitude loss, it is possible to scale the windowed signal by a factor that
adjusts its energy back to its original value F,. This scaling factor can be described as follows:

|E, [ E, [1

Zr_ =4/ — A.

E, E,- W w (A-8)
Note that the ratio is the square root since the original relationship has been derived in terms of energy,
which is proportional to the square of amplitude. The developed code to implement this into the Matlab
environment which is utilized for the rest of the simulation can be found as "preprocess_for_dft” and

"normalize_amplitude_dft_and_psd_creation” in Appendix D. The result before and after applying this
function to an exemplary signal with a constant sampling rate can be seen in Figure A.6.
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Figure A.6: Signal with an interval duration of &~ 47.1 seconds, with constant sampling rate, utilizing the pitch-rate ship motion
data. The left side plots display the time-varying data before and after the application of the Hamming window functions, while
the right side plots show the data in the frequency domain.

As visible in Figure A.6, it is quite noticeable the effects of applying the Hamming window function
as seen in the bottom left sub-plot, the abrupt changes at the edges of the signal have been smoothed
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out. However, what is of significant relevance are the results provided in the bottom frequency plots,
especially for the frequencies higher than 1 Hz, where the peaks in amplitude for the disturbances
have smaller tails when comparing between windowed and un-windowed signal, indicating what could
be described as a significant decrease in spectral leakage.

Continuing to the latter procedure applied for pre-processing includes zero padding. The funda-
mental principle of zero padding is the addition of zeros to a signal, to increase its duration, thereby
increasing the total number of input data samples.

By increasing the sample number, the DFT is able to not only increase the total number of frequency
bins but as well decrease the spacing between frequency bins, which results in a higher frequency
resolution. This can be described analytically as follows; if a signal z[n] of length IV is considered, when
zero padding is applied, the new signal (z,,[n]) will then result in a new length M (where M > N), the
new signal can be described as follows:

* zp[n] = z[n]forn < N,

* xzp[n] = 0forn > M,

The DFT of the zero padded signal z,[n] is given by :

M—-1

P[k] = Z mp[n] . e—j-QTr'kAn/ju

n=0
In contrast, the DFT of the original signal z[n] with length N is:

X|[k] = x[n] - e—d2mkn/N

Zero padding changes the frequency resolution (spacing between DFT bins). For the original signal
with length N:

_Is
Af =,
Where f, is the sampling rate. For the zero-padded signal with length M
Js
Afp = Mv

This results in a higher frequency resolution because the spacing between the frequency bins of the
DFT is smaller. While the increase in frequency allows for improvement in the approximation of the
Continous Fourier Transform (CFT) of the real signal, there is another critical advantage for applying
this pre-processing step, that is the fact that intervals of the signal with different durations, can be mod-
ified into signals with equal duration.

This allows for the combination and averaging of the frequency information found in such intervals,
which further increases the accuracy of the DFT approximation of the original CFT of the real signal.
To observe the results of applying zero padding to the previously discussed signal, Figure A.7 provides
an overview of the results of applying zero padding. The developed code to implement this into the
Matlab environment which is utilized for the rest of the simulation can be found as "preprocess_for_dft”
and "normalize_compen_padd_amplitude_dft_and_psd_creation” in Appendix D.
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Figure A.7: Signal with an interval duration of ~ 47.1 seconds, with constant sampling rate, obtained from the pitch-rate ship
motion data set. The plots on the left side correspond to time domain data, while plots on the right side correspond to
frequency domain data.
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Consistent sampling step-size search
algorithm

% run chopping_data_set.m script to obtain the time data and angle data (RAW)

% input the raw time vector

% output the duration (above a threshold value) of continous sampled data

% ouput as well the start and ending sampling number of the continous sampled data

% function is located at the bottom

% treshold value = we are probably interested into continous signals larger than t_min
seconds

t_min = 43;

stepsize = 0.005; % for 200 Hz of sampling frequency

fixed_duration = t_min/stepsize; % minimum number of samples overpasing the t_min

seconds threshold value

% total sample size
difference_timesteps = diff (time_vector_raw);
n_total = length(difference_timesteps);

% obtaining only the differences with respect to the nominal stepsize
time_diff = abs(difference_timesteps-stepsize);

% allowed varation in timesteps
dif_allowed = 1E-08; % for constant 5ms data
%dif_allowed = 1.1E-03; % for slight incosistent b5ms (+/-1ms) data

% run the function
constant_sampling_intervals(time_diff,fixed_duration,stepsize,dif_allowed)

function constant_sampling_intervals(time_diff, fixed_duration,stepsize,dif_allowed)
% Function to find intervals of constant sampling times

% Initialize variables to store information

start_index = [];
end_index = [];
duration = [];

% Iterate through the time differences array
i=1;
while i <= length(time_diff)
% Check if the current time difference is zero
if time_diff (i) <= dif_allowed
% Record the starting index

start_index = [start_index, il;

% Find the ending index and calculate the duration

j =i

while j <= length(time_diff) && time_diff(j) <= dif_allowed
jo= g+ 1

end
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46 end_index = [end_index, j - 1];

47 duration = [duration, j - il;

48 % Move to the next index after the constant sampling time

49 i=3;

50 else

51 % Move to the next index

52 i=1i+1;

53 end

54 end

55

56 % Find intervals with duration greater than fixed_duration

57 long_intervals = find(duration > fixed_duration);

58

59 % Display information about long intervals

60 for k = 1:length(long_intervals)

61 fprintf ('Interval %d: Start,index=%d, End,index, =, %d, Duration, = %dysamples./ %dy
secs,\n', k,

62 start_index(long_intervals(k)), end_index(long_intervals(k)),

63 duration(long_intervals(k)), (duration(long_intervals(k)))x*stepsize);

64 end

65 end
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Pre and post-processing Digital Signal
Processing algorithms and main
script

% pre-processing of low and high frequency intervals (run chopping data sets to get the
original data set loaded into the working space)

% then run the identification of continous sampling file to get indexes of starting and
ending indexes of the high and low frequencies data sets

% input imu data (change this variable to obtain PSD's of different angles)
input_imu_data = yaw;

% Change as well lines 54 (main average psd), 68 and 69 for filtered versions

% starting with the high frequency data sets:

sampling_frequency = 200; % assumed a constant sampling frequency of 200 Hz
time_vectorl = [];
time_vector2 = [];

[1;

time_vector3
psd_data = [];

psd_matrix =[];

for index = 1:length(total_start_indexes)
index_number = index, start_value = total_start_indexes(index), end_value =
total_end_indexes (index)

% chopping the data set into smaller subsets
[chopped_time_vector, chopped_imu_data, chopped_duration] = chop_imu_data (
total_start_indexes(index) ,total_end_indexes(index), input_imu_data, time_vector_raw,
sampling_frequency );
% pre-processing of the data sets into windowed and padded signals
[padded_signal, windowed_signal, time_vector_padded] = preprocess_for_dft(
chopped_imu_data, sampling_frequency) ;

% performing the DFT to the original chopped signal (convert time-varying data into the
frequency domain as well as normalizing the amplitude)

[frequency_original, amplitude_original, psd_original, dft_original ] =
normalize_amplitude_dft_and_psd_creation (chopped_imu_data, sampling_frequency,
chopped_time_vector);

% performing the DFT to the windowed chopped signal

[frequency_windowed, amplitude_windowed, psd_windowed,dft_windowed,comp_window] =
normalize_compensation_amplitude_dft_and_psd_creation (windowed_signal,
sampling_frequency,chopped_time_vector ,dft_original);

% performing the DFT to the padded chopped signal

[frequency_padded, amplitude_padded, psd_padded, dft_padded ] =
normalize_compen_padd_amplitude_dft_and_psd_creation (padded_signal,

78
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sampling_frequency,time_vector_padded ,dft_original,chopped_time_vector,comp_window) ;

% matrix with all psd's
psd_matrix(index,:)= psd_padded;

% % performing plots of the original, windowed and padded signals in time and frequency

domains

% plot_signal_frequency_domains (chopped_imu_data, windowed_signal, padded_signal,

% chopped_time_vector, chopped_time_vector,
time_vector_padded,

% amplitude_original, amplitude_windowed, amplitude_padded
s

% frequency_original, frequency_windowed, frequency_padded
)

% plot_signal_and_psd(frequency_original, amplitude_original, frequency_windowed,...
% amplitude_windowed, frequency_padded, amplitude_padded, psd_original, psd_windowed,
psd_padded)

end

plot_signals(chopped_time_vector,chopped_imu_data,frequency_original ,amplitude_original,"
Original",chopped_time_vector ,windowed_signal,frequency_windowed,amplitude_windowed,"
Windowed")

plot_signals(chopped_time_vector,chopped_imu_data,frequency_original,amplitude_original,"
Original",time_vector_padded,padded_signal,frequency_padded,amplitude_padded,"Windowed +
Paded")

% calculate average of the psd
avg_psd = calculate_average_psd(psd_matrix);
avg_psd_yaw = avg_psd;

% Plot the average PSD

figure;

loglog(frequency_padded, avg_psd);

grid on

xlabel ('Frequency (Hz) ') ;

ylabel ('PowerSpectral Density');
title('Average Power Spectral Density');

% Post processing settings for High frequency PSD data

% Post processing of the psd with HIGH pass filter

cut_off_freq_h = 2; % cut off frequency of the high pass filter [Hz]
[filtered_freq, filtered_psd] = high_pass_filter (frequency_padded,avg_psd,cut_off_freq_h);
filt_freq_psd_roll = filtered_freq;

filt_psd_roll = filtered_psd;

% % Post processing settings for Low to very low frequency PSD data

% % Post processing of the psd with HIGH pass filter

% cut_off_freq_h = 0.01; % cut off frequency of the high pass filter [Hz]

% [filtered_freq, filtered_psd] = high_pass_filter (frequency_padded,avg_psd,cut_off_freq_h);

% % Post processing of the psd with LOW pass filter
% cut_off_freq_1l = 1; % cut off frequency of the low pass filter [Hz]
% [filtered_freq, filtered_psd] = low_pass_filter(filtered_freq, filtered_psd,cut_off_freq_1)

B

% Plot the post-processed average PSD

figure;

loglog(filtered_freq, filtered_psd);

grid omn

xlabel ('Frequency(Hz) ') ;

ylabel ('PowerSpectral Density');

title('Post processed Average Power Spectral Density');

function [chopped_time_vector, chopped_imu_data, chopped_duration] = chop_imu_data (
start_index ,end_index, imu_data, time_vector, sampling_frequency )
% function to chop the original data set into smaller slices



92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107
108
109
110
111

112
113
14
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132

134

135

136

137

138
139
140
141
142
143
144
145

146
147
148

149
150
151
152
153

80

% creation of start till end indexes vector
start_and_end_indexes = start_index:end_index;

% cutting of the actual data

chopped_imu_data = imu_data(start_and_end_indexes,:);
chopped_time_vector = time_vector(start_and_end_indexes,:);

% restart the time vector so the data set start from zero seconds
chopped_time_vector = chopped_time_vector - chopped_time_vector (1) ;

% get chopped signal duration
chopped_duration = chopped_time_vector (end)+1/sampling_frequency;

end

function [padded_signal, windowed_signal, time_vector_padded] = preprocess_for_dft(signal,
sampling_frequency)
% Determine the number of samples
num_samples = length(signal);

% Apply windowing to the signal (here, using Hamming window)

% note that the signal of the real imu data needs to be transposed to be in the right
shape

windowed_signal = signal' .* hamming(num_samples)';

% Find the next power of 2
next_power_of_2 = 2 nextpow2(num_samples) ;
%next_power_of_2 = next_power_of_2x2;

% Calculate the number of zeros to pad
num_zeros_to_pad = next_power_of_2 - num_samples;

% Pad zeros at the end of the signal
padded_signal = [windowed_signal, zeros(l, num_zeros_to_pad)];

% Generate the new time vector for the padded signal
time_vector_padded = (0O:next_power_of_2-1) * (1/sampling_frequency);
end

function [frequency_vector, y_norm_amplitude, psd_imu_data, dft_data ] =
normalize_amplitude_dft_and_psd_creation (imu_data, sampling_frequency,time_vector)
% determine sample size i.e. the length of the signal
N = length(time_vector);

% % (old procedure)creation of the frequency vector

% start = 0; % first frequency (DC) at
zero Hz

% freq_time_step = 1/N; % frequency time step (resolution) or
total number of frequency bins

% last_value = sampling_frequency/2-(freq_time_step); % last samplying frequency
value before the Nyquist frequency

% frequency_vector = start:freq_time_step:last_value; % creation of the frequency

vector (which contains all the frequency bins)

% % perform DFT of the time-varying data
% y = fft(imu_data);

% % absolute values (magnitude of the complex values) of the DFT
% y_norm_amplitude = abs(y);

% % sized to fit frequency vector (only one side of the DFT i.e. the real side containing
the positive frequencies)
% y_norm_amplitude = y_norm_amplitude(1l:length(frequency_vector));

% % normalization of the amplitude via divition of the one sided DFT by the total sample
size and double to account for the one-sided DFT
% y_norm_amplitude = 2*y_norm_amplitude/N;

% perform calculation of DFT with a two sided amplitude
y_norm_amplitude = abs(fft(imu_data))/N;
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% sizing to one sided amplitude
y_norm_amplitude = y_norm_amplitude(1:N/2+1);

% double values except for DC and Nyquist frequencies
y_norm_amplitude (2:end-1) = 2*y_norm_amplitude(2:end-1);

% get dft for plotting purposes
dft_data = y_norm_amplitude;

% create a dedicated frequency vector

frequency_vector = O:sampling_frequency/length(time_vector):sampling_frequency-1/

sampling_frequency;

% adjust frequency vector
frequency_vector = frequency_vector (1:N/2+1);

% perform calculation of PSD with two sided power
psd_imu_data = (1/(sampling_frequency*N))*abs(fft(imu_data)) . 2;

% sizing to one sided power
psd_imu_data = psd_imu_data(1:N/2+1);

% double values except for DC and Nyquist frequencies
psd_imu_data(2:end-1) = 2*psd_imu_data(2:end-1);

end

function [frequency_vector, y_norm_amplitude, psd_imu_data, dft_data, comp_window ] =
normalize_compensation_amplitude_dft_and_psd_creation (imu_data, sampling_frequency,

time_vector ,original_amplitude)
% determine sample size i.e. the length of the signal
N = length(time_vector);

% % (old procedure)creation of the frequency vector

% start = 0; % first frequency (DC) at
zero Hz
% freq_time_step = 1/N; % frequency time step (resolution) or

total number of frequency bins

% last_value = sampling_frequency/2-(freq_time_step); % last samplying frequency

value before the Nyquist frequency

% frequency_vector = start:freq_time_step:last_value; % creation of the frequency

vector (which contains all the frequency bins)

% % perform DFT of the time-varying data
% y = fft(imu_data);

% % absolute values (magnitude of the complex values) of the DFT
% y_norm_amplitude = abs(y);

% % sized to fit frequency vector (only one side of the DFT i.e. the
the positive frequencies)
% y_norm_amplitude = y_norm_amplitude(1l:length(frequency_vector));

% % normalization of the amplitude via divition of the one sided DFT
size and double to account for the one-sided DFT
% y_norm_amplitude = 2%y_norm_amplitude/N;

% perform calculation of DFT with a two sided amplitude
y_norm_amplitude = abs(fft(imu_data))/N;

% sizing to one sided amplitude
y_norm_amplitude = y_norm_amplitude(1:N/2+1);

% double values except for DC and Nyquist frequencies
y_norm_amplitude(2:end-1) = 2*y_norm_amplitude(2:end-1);

% get dft for plotting purposes
dft_data = y_norm_amplitude;

% Calculate the total energy of the original signal
original_energy = sum(original_amplitude .~ 2);

real side containing

by the total sample
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% Calculate the total energy of the windowed signal
windowed_energy = sum(dft_data .~ 2);
% Calculate the compensation factor
comp_factor = sqrt(original_energy / windowed_energy);
fprintf ('compensation,factor =_,%d',comp_factor)
comp_window = comp_factor;
% compensated dft_data
dft_data = dft_data*comp_factor;
% create a dedicated frequency vector
frequency_vector = O:sampling_frequency/length(time_vector):sampling_frequency-1/
sampling_frequency;
% adjust frequency vector
frequency_vector = frequency_vector (1:N/2+1);
% perform calculation of PSD with two sided power
psd_imu_data = (1/(sampling_frequency#*N))*abs((fft(imu_data))*comp_factor) . 2;
% sizing to one sided power
psd_imu_data = psd_imu_data(1:N/2+1);
% double values except for DC and Nyquist frequencies
psd_imu_data(2:end-1) = 2*psd_imu_data(2:end-1);
end

function [frequency_vector, y_norm_amplitude, psd_imu_data, dft_data ] =
normalize_compen_padd_amplitude_dft_and_psd_creation (imu_data, sampling_frequency,
time_vector ,original_amplitude, original_time_vector, comp_window)
% determine sample size i.e. the length of the signal
N = length(time_vector);
N_og = length(original_time_vector);

% % (old procedure)creation of the frequency vector

% start = 0; % first frequency (DC) at
zero Hz

% freq_time_step = 1/N; % frequency time step (resolution) or
total number of frequency bins

% last_value = sampling_frequency/2-(freq_time_step); % last samplying frequency
value before the Nyquist frequency

% frequency_vector = start:freq_time_step:last_value; % creation of the frequency

vector (which contains all the frequency bins)

h

% % perform DFT of the time-varying data

% y = fft(imu_data);

h

% % absolute values (magnitude of the complex values) of the DFT

% y_norm_amplitude = abs(y);

yA

% % sized to fit frequency vector (only one side of the DFT i.e. the real side containing
the positive frequencies)

% y_norm_amplitude = y_norm_amplitude(l:length(frequency_vector));

*h

% % normalization of the amplitude via divition of the one sided DFT by the total sample
size and double to account for the one-sided DFT

% y_norm_amplitude = 2*y_norm_amplitude/N;

% perform calculation of DFT with a two sided amplitude
y_norm_amplitude = abs(fft(imu_data))/N;

% sizing to one sided amplitude
y_norm_amplitude = y_norm_amplitude(1:N/2+1);

% double values except for DC and Nyquist frequencies
y_norm_amplitude (2:end-1) = 2*y_norm_amplitude(2:end-1);

% get dft for plotting purposes



279 dft_data = y_norm_amplitude;
280

281 % Calculate the compensation factor

282 comp_factor = N/N_og;

283 % total compensation factor

284 comp_total = comp_factor*comp_window;

285 fprintf ('compensation,factor =_,%d',comp_factor)
286

287 % compensated dft_data

288 dft_data = dft_data*comp_window;

289

290 % create a dedicated frequency vector

291 frequency_vector = O:sampling_frequency/length(time_vector):sampling_frequency-1/

sampling_frequency;
292

293 % adjust frequency vector

294 frequency_vector = frequency_vector (1:N/2+1);

295

296 % perform calculation of PSD with two sided power

297 psd_imu_data = (1/(sampling_frequency*N))*abs((fft(imu_data))*comp_window) . 2;
298

299 % sizing to one sided power

300 psd_imu_data = psd_imu_data(1:N/2+1);

301

302 % double values except for DC and Nyquist frequencies

303 psd_imu_data(2:end-1) = 2*psd_imu_data(2:end-1);

304

305 end

306

307 function avg_psd = calculate_average_psd(psd_matrix)

308 % Number of intervals (rows) in the PSD matrix

309 num_intervals = size(psd_matrix, 1);

310

311 % Sum all PSDs in the matrix

312 psd_sum = sum(psd_matrix, 1); % Sum across rows (axis 1)
313

314 % Calculate the average by dividing by the number of intervals
315 avg_psd = psd_sum / num_intervals;

316 end

317
318 function [new_freq, filtered_psd] = low_pass_filter(freq, psd, cut_off_freq)
319 % Validate inputs

320 if length(freq) ~= length(psd)

321 error ('Frequencyvector and_ PSD must have the same length."');

322 end

323

324 % Find indices of frequencies that are below the cut-off frequency

325 low_pass_indices = find(freq <= cut_off_freq);

326

327 % Create a new frequency vector with only the frequencies below the cut-off
328 new_freq = freq(low_pass_indices);

329

330 % Create the filtered PSD by keeping only the values below the cut-off frequency
331 filtered_psd = psd(low_pass_indices);

332 end

333
334 function [new_freq, filtered_psd] = high_pass_filter(freq, psd, cut_off_freq)
335 % Validate inputs

336 if length(freq) ~= length(psd)

337 error ('Frequencyvectorand ,PSD must have the same length."');

338 end

339

340 % Find indices of frequencies that are above the cut-off frequency

341 high_pass_indices = find(freq >= cut_off_freq);

342

343 % Create a new frequency vector with only the frequencies above the cut-off
344 new_freq = freq(high_pass_indices);

345

346 % Create the filtered PSD by keeping only the values above the cut-off frequency
347 filtered_psd = psd(high_pass_indices);

348 end



349
350 function plot_signal_frequency_domains(original_signal, windowed_signal, padded_signal,

351 time_vector_original, time_vector_windowed,
time_vector_padded,

352 amplitude_original, amplitude_windowed,
amplitude_padded,

353 frequency_original, frequency_windowed,
frequency_padded)

354 % Create a figure

355 figure;

356

357 % Plot original signal in time domain

358 subplot (2,3,1);

359 plot(time_vector_original, original_signal);

360 title('Original;Signal(Time Domain) ') ;

361 xlabel ('Time"') ;

362 ylabel ('Amplitude');

363

364 % Plot windowed signal in time domain

365 subplot (2,3,2);

366 plot(time_vector_windowed, windowed_signal);

367 title('WindowedSignal(Time Domain) ') ;

368 xlabel ('Time"');

369 ylabel ('Amplitude');

370

371 % Plot padded signal in time domain

372 subplot (2,3,3);

373 plot(time_vector_padded, padded_signal);

374 title('PaddedSignal, (Time Domain) ') ;

375 xlabel ('Time"');

376 ylabel('Amplitude');

377

378 % Plot original signal in frequency domain

379 subplot (2,3,4);

380 loglog(frequency_original, amplitude_original);

381 grid on

382 title('Original,;Signal,,(Frequency Domain) ') ;

383 xlabel ('Frequency');

384 ylabel ('Amplitude');

385

386 % Plot windowed signal in frequency domain

387 subplot (2,3,5);

388 loglog(frequency_windowed, amplitude_windowed) ;

389 grid omn

390 title('WindowedSignal,(Frequency Domain)');

391 xlabel ('Frequency');

392 ylabel ('Amplitude');

393

394 % Plot padded signal in frequency domain

395 subplot (2,3,6);

396 loglog(frequency_padded, amplitude_padded);

397 grid on

398 title('PaddedSignal,,(Frequency Domain)');

399 xlabel ('Frequency');

400 ylabel ('Amplitude');

401 end

402

403 function plot_signal_and_psd(freq_original, amp_original, freq_windowed, amp_windowed,
freq_padded, amp_padded, psd_original, psd_windowed, psd_padded)

404 % Create figure

405 figure;

406

407 % Plot signals in frequency domain

408 subplot (3,2,1);

409 plot(freq_original, amp_original);

410 title('Original,,Signal,(Frequency Domain)');
411 xlabel ('Frequency');

412 ylabel ('Amplitude');

413 set(gca, 'XScale', 'log');

414 set(gca, 'YScale', 'log');

415 grid on;
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subplot (3,2,3);

plot (freq_windowed, amp_windowed);
title('WindowedSignal(Frequency Domain)');
xlabel ('Frequency');

ylabel ('Amplitude');

set(gca, 'XScale', 'log');

set(gca, 'YScale', 'log');

grid on;

subplot (3,2,5);

plot (freq_padded, amp_padded);
title ('Padded+ Windowed Signal,(Frequency Domain)');
xlabel ('Frequency');
ylabel ('Amplitude');
set(gca, 'XScale', 'log');
set(gca, 'YScale', 'log');

grid on;

% Plot PSDs

subplot (3,2,2);
plot(freq_original, psd_original);
title('Original, Signal, ,(PSD)"');
xlabel ('Frequency');

ylabel ('PowerSpectral Density');
set(gca, 'XScale', 'log');
set(gca, 'YScale', 'log');

grid on;

subplot (3,2,4);

plot (freq_windowed, psd_windowed);
title('Windowed Signal, (PSD)"');
xlabel ('Frequency');

ylabel ('Power Spectral Density');
set(gca, 'XScale', 'log');
set(gca, 'YScale', 'log');

grid on;

subplot (3,2,6) ;

plot (freq_padded, psd_padded);
title('Padded + Windowed Signal, (PSD)');
xlabel ('Frequency');

ylabel ('Power Spectral Density');
set(gca, 'XScale', 'log');

set(gca, 'YScale', 'log');

grid on;
end

function plot_signals(timel, signall_time, freql,

freq2, signal2_freq, name2)
% Create a figure

figure;

% Subplot 1:
subplot (2, 2,

Signal 1 Time Domain
1)

plot(timel, signall_time);

grid omn
title([namel

[

usignal, (Time_ Domain) ']);

xlabel ('Time, [seconds]');
ylabel ('Amplitude [Degrees/sec]l');

% Subplot 2:

subplot (2, 2,
loglog(freql,
grid on

title ([namel

Signal 1 Frequency Domain
2);
signall_freq);

' signal (Frequency Domain)']);

xlabel ('Frequency [Hz]"');
ylabel ('Magnitude  [Degrees/sec]l');

% Subplot 3:

Signal 2 Time Domain

signall_freq,

namel,

time2,

signal2_time,
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500 end

subplot (2, 2, 3);

plot(time2, signal2_time);

grid omn

title([name2 ' signal,(Time Domain)']);
xlabel ('Time[seconds]');

ylabel ('Amplitude  [Degrees/sec]');

% Subplot 4: Signal 2 Frequency Domain
subplot (2, 2, 4);

loglog(freq2, signal2_freq);

grid on

title([name2 '\signal, (Frequency Domain)']);
xlabel ('Frequency, [Hz]');

ylabel ('Magnitude  [Degrees/sec]');
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Additional information, plots and code
from actuator loop models chapter

E.1. Precise Pointing Actuator System accompanying plots, descrip-
tions and code

E.11. QPD tracking error estimation model description

This subsection aims to provide additional information regarding the estimation procedure utilized to
determine the tracking error. Since direct measurements from the tracking sensor are not available,
the approach taken to recreate the disturbances has been based on modeling them as white Gaussian
noise. Moreover to simplify the process of relating the Signal-to-Noise-Ratio (SNR) to a tracking error
typical engineering approximations have been utilized. The following list includes the key assumptions
employed to determine the tracking error:

» Gausian distribution: The tracking error disturbances follow a Gaussian (normal) distribution,
characterized by a zero mean and a standard deviation.

Stationarity: The statistical properties of the noise signal are constant over time, that is the noise
signal is invariant with time.

Uncorrelated Samples: The value of the noise signal at a specific point, does not influence the
value of the noise signal at another time point.

* Independece from signal: The noise is independent of the signal that is being measured. The
true signal and the noise signal are uncorrelated and do not influence each other.

» The measurement error of the sensor is assumed to be linearly related to the inverse of the SNR
» The noise in the sensor is assumed to be Additive White Gaussian Noise (AWGN)

» The approximation assumes the SNR level to be in the high sensitivity regime of the QPD sensor,
such that the signal power is much higher than the noise power.

Small angle approximation to relate the measurement error in meters to degrees.

+ ldeal measurement system with no other sources of errors such as calibration errors, quantization
noise or other systematic errors.

For further information regarding the assumptions and background theory regarding modeling stochas-
tic processes, the readers are referred to the works by [22]. With the assumptions outlined it is possible
to discuss the equations utilized to determine the tracking error. The following noise equations have
been extracted from [23] part of the Space Instrumentation Engineering lecture notes (AE4-880). The
calculations start with Equation E.1, Equation E.2 and Equation E.3. These equations represent the
main sources of disturbances for sensors with photodiodes.

I, =2xexIgx Af (E.1)
sd

Where e = electron elementary charge [e], I; represents the sensor dark current [A] and Af is the
sensor electrical bandwidth [Hz].
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12:4*k*T*Af
J ]%sh

Where k represents the Boltzmann constant [J/K], T absolute operational temperature [K] and R, is
the shunt resistance [Q2].

(E.2)

I, =2xex I x Af (E.3)

Where I, is the photocurrent created in the detector when the light is converted via the photoelectric
effect into electrons [A]. Adding up the differences sources of noise and utilizing this to divide over
available signal at the detector it is then possible to arrive at the linear SNR relation, as described by
Equation E 4.

I%aser—in * }2
12+ 7+ 12

SNR = (E.4)

Where P, is the incident laser beam power at the detector [W] and R is the sensor responsivity
(Photo-sensitivity) [A/W]. Next is the approximation of the standard deviation, to determine this param-
eter the assumption of being in the high sensitivity regime of the QPD sensor is utilized to approximate
the inverse relationship described by Equation E.5.

1

1] (E.5)
Now with a relation that can be utilized to determine the standard deviation, the next step involves
mapping the standard deviation to physical units, in this case, a direct proportionality relation equal
to the side length of the QPD sensor is utilized, where the gap between the photodiodes is assumed
to be small enough to be neglect, resulting on a side length equaling the total diameter of the QPD
sensor. This relation allows us to map the Standard deviation to meters, next is mapping the relation
to degrees. A triangular small angle approximation is utilized, where the vertical side is equal to the
standard deviation in meters, while the bottom side is the focal length of the optical setup, by making
use of the small angle approximation, the tangent component can be then removed. Lastly, as the
small angle approximation yields the value in radians, the value is then multiplied with a conversion

ratio to end up with a value in degrees. The calculation to achieve this is outlined by Equation E.6.

Oorror = 0 * Kairect X 180 (E.8)

l)focallength ﬂ

Where K ;.. is the direct length proportionality relation [m] and D ¢ocai 1ength iS the optical assembly
focal length [m].

E.1.2. QPD tracking error estimation model code

1 % parameters based on InGaAs PIN photodiadode G6849-01 from Hamamatsu
2

3 NEP = le-14; % W/sqrt(Hz)

4 Idark = 15; % nA

5 responsivity = 0.85; % A/W

6 bandwidth = 12e+06; % Hz

7 P_laser = (0.9775)*1e-6; % W 5 optical components in between
8 area = 1le-6; % m~2 (1 mm~2)

9 distance = 1.5; % meter

10 T = 25; % °C

11 temp_coeff_Id = 1.09; % 1/°C

12 terminal_cap = 40e-12; 7% F

13 shunt_resistance = 80e6; % Ohms

14 detectivity = 1el2; % cmx*(sqrt(Hz))/W

15 wavelength = 1550E-09; % m

17 [sigma_deg, sigmal] = improvedQuadCellNoiseAnalysis(Idark, responsivity, bandwidth, P_laser,
area, distance, ...
18 T, shunt_resistance, wavelength);
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% creation of the QPD psd errors

% Statistical error properties

mean = 0; % Mean of the positional error

std_dev = sigma_deg; % Standard deviation of the positional error (square root of the
variance) 0.1 arcseconds for QPD

% sizing properties to macth the original reference signal

sampling_rate = 200; % Sampling rate in Hz

num_samples = length(padded_signal); % Number of data points required to obtain an estimate
of the PSD SW function

% Generate simulated positional error data
positional_error = mean + std_dev * randn(l, num_samples);

% convert positional error vector into PSD error vector
[frequency_vector, y_norm_amplitude, psd_error_data ] =
normalize_amplitude_dft_and_psd_creation (positional_error, sampling_rate);

sigma_dot_x = sqrt(trapz(frequency_vector,psd_error_data));

fprintf ('Standard deviation of the rate,of tracking error, is: %.2e ,degrees/second\n',
sigma_dot_x) ;

function [sigma_deg, sigma] = improvedQuadCellNoiseAnalysis(Idark, responsivity, bandwidth,
P_laser, area, distance,
T, shunt_resistance, wavelenght)
% Constants

q = 1.60217662e-19; % Charge of an electron (Coulombs)
k = 1.380649e-23; % Boltzmann constant (J/K)

h = 6.62607e-34; % planck's constant (m~2%kg/s)

v = 299792458; % Speed of light (m/s)

% Convert dark current to Amps
Idark = Idark * 1le-9;

% Shot noise current due to dark current (A/sqrt(Hz))
I_shot_dark = 2 * q * Idark * bandwidth;

% Thermal noise current due to shunt resistance
I_johnson = (4 * k * (T + 273.15)*bandwidth) / shunt_resistance;

% Determine quantum efficiency

QE = (respomsivity * h*(v/wavelenght))/(q);
% Photon-current in the QPD

I_s = (QExwavelenght*q*P_laser)/(h*v);

% Statistical photon noise
I_ss = 2xq*I_s*bandwidth;

% Total noise current (A)
I_noise = sqrt(I_ss + I_shot_dark + I_johnson);

% Total photocurrent (A) assuming given laser power
I_total = P_laser * responsivity;

% Standard deviation of the position estimate (normalized units)
sigma_norm = I_total / I_noise;

% Convert normalized position error to physical units
quad_side = sqrt(area); % Side length of the entire detector

sigma = (1/sigma_norm) * quad_side;

% Convert position error in meters to angular error in radians
sigma_theta_rad = sigma / distance;

% Convert angular error from radians to degrees
sigma_deg = sigma_theta_rad * (180 / pi);

% Display the results
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fprintf ('Standard deviation ofthe position estimate: %.2e meters\n', sigma);
fprintf ('Standard,deviationgof the angular ,estimatey:%.2e,degrees\n', sigma_deg);
end

function [frequency_vector, y_norm_amplitude, psd_imu_data ] =
normalize_amplitude_dft_and_psd_creation (imu_data, sampling_frequency)
% determine sample size i.e. the length of the signal
N = length(imu_data);

% perform calculation of DFT with a two sided amplitude
y_norm_amplitude = abs(fft(imu_data))/N;

% sizing to one sided amplitude
y_norm_amplitude = y_norm_amplitude(1:N/2+1);

% double values except for DC and Nyquist frequencies
y_norm_amplitude(2:end-1) = 2*y_norm_amplitude(2:end-1);

% create a dedicated frequency vector
frequency_vector = O:sampling_frequency/N:sampling_frequency-1/sampling_frequency;

% adjust frequency vector
frequency_vector = frequency_vector (1:N/2+1);

% perform calculation of PSD with two sided power
psd_imu_data = (1/(sampling_frequency*N))*abs(fft(imu_data)) . 2;

% sizing to one sided power
psd_imu_data = psd_imu_data(1:N/2+1);

% double values except for DC and Nyquist frequencies
psd_imu_data(2:end-1) = 2*psd_imu_data(2:end-1);

end

E.1.3. Augmented Open Loop and Closed-Loop response

To understand the achievable performance of the system, it is relevant to compare the difference be-
tween the Augmented Open-loop and Closed-loop system frequency responses. First, It is beneficial
to introduce the transfer function utilized to determine such frequency responses. Starting with Equa-
tion E.7 which denotes the transfer function of the Augmented Open-loop frequency response. While
Equation E.8 determines the Closed Loop system response.

AOL = Cfsm * Gfsm * PQPD (E7)

Cfs’m * Gfsm
1+ Cfsm * Gfsm * PQPD

Having defined the Open and Closed loop transfer functions, it is then possible to combine their
frequency responses into a single plot, as shown in Figure E.1. It is relevant to highlight the aspect that
at lower frequencies, the gain margin of the Augmented Open-Loop has a significant positive margin,
indicating an adequate system performance across that frequency range.

C.L = (E.8)
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Figure E.1: Open and Closed loop Bode plot of the frequency response of the designed PPAS

It is also relevant to highlight that prior to the natural resonant frequency, the open-loop behavior
approximates integral (control) behavior with a negative slope. Moreover across the first natural reso-
nant frequency, as expected the phase margin quickly drops, for which the point at which the derivative
part of the controller has been adjusted, with the intention to lift the phase and prevent it from going
over the -180 (degrees) point. It can also be seen from the Closed loop response that the system
starts losing gain margin close to the maximum controller bandwidth occurring close to 374 Hz (Note
controller bandwidth is set at 398 Hz), indicating possible disturbance rejection close to the controller
bandwidth limit.

E.1.4. Augmented Open loop and loop sensitivity function

The next step to improve the understanding of the performance of the system, is to determine the ca-
pacity of the system to reject disturbances. To achieve this a plot with the Augmented Open loop and
Loop Sensitivity transfer functions, proves insightful as their frequency response can provide informa-
tion about the robustness of the control design of the system. The Augmented Open loop function is
included as it helps to determine the response and bandwidth of the system to reference signals.

Next is the Loop Sensitivity function, which can be utilized to determine the disturbance rejection
performance of the control system. The fundamental idea of this transfer function is to measure how
variations in controller and plant design affect the closed-loop transfer function. The sensitivity function
can be described as in Equation E.9.

1

LS. =
1+ Cfsm * Grsm * Popp

(E.9)

Utilizing the Augmented Open Loop and Loop Sensitivity functions, it is then possible to recreate
the frequency response of the system according to those functions, this is shown in Figure E.2. It is
possible to denote that the large gain margin in the Augmented Open Loop function at lower frequencies,
is equally visible in the loop sensitivity function, as a large negative gain margin. Itis of interest the point
at which both the Augment Open Loop and Loop sensitivity functions cross the zero dB gain margin,
indicating the performance threshold of the system, the loop sensitivity remains close to the ~ 2.7 dB
indicating a slight sensitivity of the system across these frequencies, gradually returning to the ~ 0 dB
gain margin close to 4.5 K Hz. This could indicate that the system could have a slight sensitivity to
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disturbances at higher frequencies. This could also be a result of the relatively low damping coefficient
of the FSM model, which could make the system prone to be sensitive to oscillatory behavior.

Bode Plot of Two Transfer Functions 2, AEMmQQf
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Figure E.2: Augmented open loop and Loop Sensitivity of the PPAS

E.2. Coarse Pointing Actuator System accompanying plots and de-

scriptions

E.2.1. Estimation of rotational moments of inertia of the Coarse Pointing Actua-

tor System

This section aims to provide additional information regarding the estimation process utilized to estimate
the rotational moments of inertia of the L-350 planewave direct drive telescope mount. The process
starts by performing measurements of the distance from the rotational axis to the locations of the center
of mass of the 3 estimation blocks representing the L-350 mount. To facilitate this process Figure E.3,
provides an overview of the naming convention utilized to denote the location of the distances utilized to
estimate the rotational moments of inertia. With the overview of the locations of the distances, Table E.1
provides an overview of the estimated distance of such locations to the azimuth and elevation axis.
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Figure E.3: Locations of the approximated distances of the center of mass of the 3 main blocks representing the 1-350 mount

Table E.1: Specification of the distances utilized to determine the rotational moments of inertia

s Estimated distance e as Estimated distance
Specification Specification
[cm] [cm]

Alaz 50 B1az 30

A2az 12 B2az 30

A3az 30 B3az 70

Alel 30 B1el 70

D2p 12 D3p 3

Next is to define the equations utilized to estimate the individual contributions of each of the blocks
to each of the rotational axis, note that the parallel axis is utilized to estimate the rotational contribution
for the center of mass located away from the rotational axis. Note that M1 corresponds to the azimuth
base (=~ 31.75 kg), m2 corresponds to the elevation arm (~ 18.10 kg) and m3 corresponds to the
dummy telescope payload (20 kg).

1
Jazl = ﬁ*ml*(A%az+B%az) = 0.513 kg*m2 (E10)

J ., = T3 %M * (A5, + B3,.) = 0276 kg + m? (E.11)
Jazz = Jopy +max D3, = 0.813 kg m® (E12)

oy = - 3e (R92)2 4 B2 ) = 0.930 kg # m? E.13
QZS_E*m?)*( *( 2 )+ 35l)_ : g*xm ( )
Jazs = Joug +mzx D3, = 0.938 kg m® (E.14)

Now with the previous equations it is possible to then determine the total contribution per axis, this
is described by the following two equations, note that the elevation rotational moment of inertia only
contains the contribution of the mass of the dummy telescope, as it is located in the elevation axis,
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however, it is off center from the azimuth axis, thus the contribution from the parallel axis theorem is
applied only to the azimuth total rotational moment of inertia.

Jazt = Jaz1 + Jazz + Jazz = 2.264 kg x m> (E.15)
Jar =J,.5 = 0.930 kg * m? (E.16)

E.2.2. Elevation open loop response

Bode Diagram

Magnitude (dB)

-89}

Frequency (Hz)

Figure E.4: Bode plot of the frequency response of the CPAS elevation actuator transfer function

E.2.3. Augmented Open loop and Closed loop response

To understand the difference between the achievable performance by incorporating feedback into the
system and operating with no feedback, it is then useful to determine the frequency response to the
augmented open loop and closed loop responses. In Equation E.17 and Equation E.18 the transfer
functions of the augmented open loop and closed loop of the CPAS are fully described. Note: The fol-
lowing equations are derived for the generic G4impq: actuator transfer function, which is representative
of both azimuth and elevation actuators.

(A~O~L~)cpas = Cgimbal * Ggimbal * PQPD (E17)

Cgimbal * Ggim,bal (E 18)
1+ Cgimbal * Ggimbal * PQPD .

With the Augmented Open loop and Closed loop transfer functions, it is then possible to create
Figure E.5. Distinguishable from these plots are the effects of the controller bandwidth as both the aug-
mented open-loop and closed-loop responses quickly loose gain margin beyond the controller band-
width frequency of 10 Hz. Another relevant remark is regarding the fact that the Closed Loop response
remains at zero dB for lower frequencies, highlighting the fact that there could be effective disturbance
rejection at lower frequencies.

(O.L)cpas =
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Figure E.5: Augmented Open loop and Closed loop frequency responses of the CPAS

E.2.4. Augmented open loop and Loop sensitivity response

In the previous sub-section, it was possible to highlight at higher frequencies the capacity of the system
to reject noise. To further expand this the frequency response Loop Sensitivy transfer functions, provide
additional information regarding the performance of the system. The loop sensitivity function of the
CPAS is fully described by Equation E.19.

1
1+ qumbal * Ggimbal * Pqu
Now with the Loop Sensitivity function defined, it is then possible to map the frequency responses
of the system as visible in Figure E.6. Note: A single plot is provided since the controller response

has been tuned to the same specifications for both azimuth and elevation actuator models, resulting in
identical frequency responses.

(L-8.)epas = (E.19)
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Figure E.6: Plot of the frequency response of the Loop Gain and Loop sensitivity transfer functions

From Figure E.6 it is possible to remark from the plot that the large gain margin of the augmented
open loop function at low frequencies, showcases the adequate performance of the system at lower
frequencies, however, the gain diminishes quickly, approaching zero at 10 Hz, around these frequen-
cies the Loop Sensitivity function meets up with the Augment Open Loop function, indicating the perfor-
mance threshold of the system, beyond this point the gain of the Augmented Open Loop function quickly
decreases indicating an increasing incapacity of the controller to keep up with managing the system.
After that point, the sensitivity function stays for the majority at zero d B showcasing adequate noise
rejection at higher frequencies. In contrast to Figure E.2, the Loop Sensitivity function of the CPAS
quickly passes from a negative gain margin to zero gain margin, which in contrast to the transition zone
of the PPAS, where the sensitivity function hovers close to positive gain margin.
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System 1dentification attempt for
approximating a L-350 actuator
transfer function

The aim of this appendix is to provide the reader with a brief overview of the steps taken in an attempt
to perform system identification of the L-350 direct drive mount transfer. The first section discusses
the attempted approach, as well as the reasoning why this approach has failed to provide an accurate
transfer function fully representative of the L-350 direct drive mount. The second section provides the
code developed in Python, which utilizes the Planewave instruments API, for communications to the
L-350 direct drive mount via a USB connection. Note: This appendix is a brief description of the at-
tempts performed for system identification, it does not aim to provide extensive theoretical background
information regarding the fundamental mathematics or algorithms behind this process.

F.1. Attempt to perform system identification on the Planewave L-
350

The fundamental idea behind system identification is the measurement of input/output data, to char-
acterize the dynamics of a device and create from that characterization an estimated model which
approximates the dynamics found in the input/output data set.

System identification can be a complex procedure as the process of building mathematical models
of dynamic systems from measured data, involves several assumptions and design choices. System
identification is capable of creating Linear Time-Invariant (LTI) models, represented by transfer func-
tions, state-space representations or differential equations. It is also capable of creating Non-linear
models such as nonlinear autoregressive models (NARX), etc.

For this work it is of interest the creation of models that are compatible with the DEB analysis design
approach, therefore the focus was on the creation of a linear LTI model represented as a transfer func-
tion. To achieve this two pieces of software have been utilized, the first one is the system identification
toolbox application from Matlab, while the second one is the PlaneWave Interface Version 4.0, which
is a Python-based API that allows for communication between a laptop and the L-350 direct drive mount.

The first step required for system identification is the creation of a data set with both input and output
data. The input is classified as the desired/reference angle position, while the output is the measured
angle position of the gimbal. When dealing with LTI transfer function models of the data set it is possible
to increase the order of the transfer function, this has the advantage of increasing the accuracy of how
the model represents the system’s behavior.

97
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However, this can also result in the model overfitting the behavior of a particular training data set.
Whenever the conditions deviate from the training data set, the overfitted model could struggle to cap-
ture the behavior of the original system. As a measure against this, it is possible to create multiple data
sets, where a single data set is utilized to fit a particular model, then the results of that fitted model can
be compared to the results from the other data sets. To achieve this the code included in the second
section of this appendix has been utilized to obtain 6 data sets, stored as Excel files.

The next step involves the system identification toolbox from Matlab. The toolbox allows to import
directly from Excel files the input/output data files directly. After importing the data files, a total of 9 LTI
transfer function models were fitted to the training data set, the transfer models start from a 1st order
(1 pole, 0 zeros) to a 9th order (9poles, 8 zeros).

After fitting the models to the training data set, then the results were compared to the verification
data sets. From these results, 2 outcomes became apparent which in-validated this approach as a
sound option for representing the dynamics of the L-350 direct drive mount. The first option is that the
success rate for the models was linearly increasing with respect to model order, which could indicate
that the data sets were too similar to each other. Thus could be argued that the models are increasingly
being overfitted into the training data, as their order increases.

While some degree of overfitting is difficult to prevent when performing system identification, what
makes this approach unsuitable is the fact that due to how the communications line is set between
the laptop recording the data and the L-350 gimbal following the commands, there are no direct mea-
surements of the input/output data. Rather the suspicion is that an independent controller could be
receiving the reference positions and then creating a smoothed trajectory, that the gimbal ends up fol-
lowing. This suspicion could be confirmed by looking into the results from the fitted models as well as
the original output visible on Figure F.1. From this figure, it can be seen that the output of the system
follows a smooth line trajectory which prevents sudden spikes when sudden commands are given to
the system.
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Figure F.1: Third verification test, where the lines in colour represent fitted LTI transfer function models, while the black line
indicates the original output data. The bottom plot showcases the original input commands

F.2. Input/Output Planewave API code

import time

import matplotlib.pyplot as plt
import pandas as pd

from datetime import datetime
from pwi4_client import PWI4
import numpy as np

import os

# Function to generate step inputs
def generate_step_inputs(num_steps=5, min_amplitude=0.01, max_amplitude=25, overlap_time=3):

amplitudes = np.random.uniform(min_amplitude, max_amplitude, num_steps)
# Generate random signs (-1 or 1) to make amplitudes positive or negative
signs = np.random.choice([-1, 1], num_steps)

# Apply the signs to the amplitudes
amplitudes *= signs
times = np.zeros(num_steps)

# Generate the first time
times [0] = np.random.uniform(0, overlap_time)

# Generate subsequent times with the required overlap
for i in range(l, num_steps):
start_time = times[i - 1] + overlap_time
times[i] = np.random.uniform(start_time, start_time + overlap_time)

# Round amplitudes and times to two decimal places
amplitudes = np.round(amplitudes, 2)
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F2. Input/Output Planewave API code

times = np.round(times, 1)
return amplitudes, times
# Generate the step inputs
amplitudes, times = generate_step_inputs()
# assigning amplitudes and times to individual variables
time_for_step_input_1, time_for_step_input_2,time_for_step_input_3,time_for_step_input_4,

time_for_step_input_5 = times
step_degrees_1,step_degrees_2,step_degrees_3,step_degrees_4,step_degrees_5 = amplitudes

# Connect to the telescope mount

host = "localhost" # Change if necessary
port = 8220
pwi4 = PWI4(host, port)

# Attempt to connect to the mount
try:
pwi4.mount_connect ()
print ("Successfully connected to, the mount.")
except Exception as e:
print (f"Error connecting,to,the mount: {e}")
exit (1)
# attempt to enable the motors
try:
pwi4.mount_enable (0)
pwi4.mount_enable (1)
print ("Succesfully enabled the mount_ motors.")
except Exception as e:
print (f"Error enabling the_ mount motors: {e}")
exit (1)

# Step 1: Move to the starting position (user-specified)
start_azimuth = 135 # Example azimuth in degrees
start_altitude = 45 # Example altitude in degrees

print (f"Moving mount,to,start position: Azimuth {start_azimuthl}, Altitude_ {start_altitude}")

pwi4.mount_goto_alt_az(start_altitude, start_azimuth)

# Wait until the mount is in position
while pwi4.status().mount.is_slewing:
print ('Moving mount,to,starting, position')
time.sleep(0.1) # Check every 100 ms
print ('Mountying,starting, position')

# Print the results
for i in range(len(amplitudes)):
print (£"Stepy{i +,1}: Amplitude = {amplitudes[i]:.2f} degrees, Time, = {times[i]:.2f}
seconds")

# Step 2: Record azimuth, altitude, and time for 30 seconds at 20Hz

recording_duration = 30 # in seconds
sampling_frequency = 20 # in Hz

sampling_interval = 1 / sampling_frequency
nominal_interval_duration = 0.038 # in seconds
step_response_delay = 4 # delay in seconds to return from step input to nominal value
# time_for_step_input_1 = 2 # in seconds

# time_for_step_input_2 = 12 # in seconds

# time_for_step_input_3 = 17 # in seconds

# time_for_step_input_4 = 34 # in seconds

# time_for_step_input_5 = 41 # in seconds

# step_degrees_1 = 0.01 # First step input in degrees
# step_degrees_2 = 5 # First step input in degrees

# step_degrees_3 = 1 # First step input in degrees

# step_degrees_4 = 0.1 # First step input in degrees
# step_degrees 5 = 4 # First step input in degrees
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time_vector = []

input_vector =[]

azimuth_vector = []

altitude_vector = []

dynamic_delay_vector = []

current_input = 0

start_time = time.time()

while time.time() - start_time < recording_duration:
start_loop = time.time()
current_time = time.time() - start_time

status = pwi4.status()

time_vector.append(current_time)
azimuth_vector.append(status.mount.azimuth_degs)
altitude_vector.append(status.mount.altitude_degs)
input_vector.append (current_input)

# introduction of 1st step input response

difference_for_step_input_1 = abs(current_time - time_for_step_input_1)
if difference_for_step_input_1 <= 0.025: # Apply step input at the desired step input
time

print (f"Applying, step,input of {step_degrees_1} degrees to,azimuth and altitude")
pwi4 .mount_goto_alt_az(status.mount.altitude_degs + step_degrees_1, status.mount.
azimuth_degs + step_degrees_1)

current_input = step_degrees_1
# return to nominal position
difference_for_step_input_1 = abs(current_time - (time_for_step_input_1+

step_response_delay))

if difference_for_step_input_1 <= 0.025: # return from step input at desired step input

time +step response delay

print (f"Returning, from,step inputof {step_degrees_1} ,degrees to azimuth ,and altitude

ll)
pwi4 .mount_goto_alt_az(start_altitude, start_azimuth)
current_input = 0

# introduction of 2nd step input response

difference_for_step_input_2 = abs(current_time - time_for_step_input_2)
if difference_for_step_input_2 <= 0.025: # Apply step input at the desired step input
time

print (f"Applying, stepyinput of {step_degrees_2} degrees to,azimuth and altitude")
pwi4.mount_goto_alt_az(status.mount.altitude_degs + step_degrees_2, status.mount.
azimuth_degs + step_degrees_2)

current_input = step_degrees_2
# return to nominal position
difference_for_step_input_2 = abs(current_time - (time_for_step_input_2+

step_response_delay))

if difference_for_step_input_2 <= 0.025: # return from step input at desired step input

time +step response delay

print (f"Returning, from_ step,input 0f {step_degrees_2} degrees tojazimuth and altitude

Il)
pwi4 .mount_goto_alt_az(start_altitude, start_azimuth)
current_input = 0

# introduction of 3rd step input response

difference_for_step_input_3 = abs(current_time - time_for_step_input_3)
if difference_for_step_input_3 <= 0.025: # Apply step input at the desired step input
time

print (f"Applying, step,inputof {step_degrees_3} degrees tojazimuth and altitude")
pwi4.mount_goto_alt_az(status.mount.altitude_degs + step_degrees_3, status.mount.
azimuth_degs + step_degrees_3)

current_input = step_degrees_3
# return to nominal position
difference_for_step_input_3 = abs(current_time - (time_for_step_input_3+

step_response_delay))

if difference_for_step_input_3 <= 0.025: # return from step input at desired step input

time +step response delay

print (f"Returning, from_ step,input 0f {step_degrees_3} degrees tojazimuth and altitude

ll)
pwi4.mount_goto_alt_az(start_altitude, start_azimuth)
current_input = 0
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# introduction of 4th step input response

difference_for_step_input_4 = abs(current_time - time_for_step_input_4)
if difference_for_step_input_4 <= 0.025: # Apply step input at the desired step input
time

print (f"Applying, stepyinputof {step_degrees_4} degrees tojazimuthand altitude")
pwi4.mount_goto_alt_az(status.mount.altitude_degs + step_degrees_4, status.mount.
azimuth_degs + step_degrees_4)

current_input = step_degrees_4
# return to nominal position
difference_for_step_input_4 = abs(current_time - (time_for_step_input_4+

step_response_delay))

if difference_for_step_input_4 <= 0.025: # return from step input at desired step input
time +step response delay
print (f"Returning, from stepyinput 0f {step_degrees_4} degrees tojazimuth and altitude

ll)
pwi4 .mount_goto_alt_az(start_altitude, start_azimuth)
current_input = 0

# introduction of 5th step input response

difference_for_step_input_5 = abs(current_time - time_for_step_input_5)
if difference_for_step_input_5 <= 0.025: # Apply step input at the desired step input
time

print (£"Applying, stepyinput0f {step_degrees_5} degrees toyazimuthand altitude")
pwi4.mount_goto_alt_az(status.mount.altitude_degs + step_degrees_5, status.mount.
azimuth_degs + step_degrees_S)

current_input = step_degrees_5
# return to nominal position
difference_for_step_input_5 = abs(current_time - (time_for_step_input_5+

step_response_delay))

if difference_for_step_input_5 <= 0.025: # return from step input at desired step input
time +step response delay
print(f"Returningufromustepuinputuofu{step_degrees_5}Udegreesutouazimuthuandualtitude

u)
pwi4 .mount_goto_alt_az(start_altitude, start_azimuth)
current_input = 0

# dynamic sampling interval delay for constant sampling rate
dynamic_delay = nominal_interval_duration - (time.time() - start_loop)
dynamic_delay_vector.append(dynamic_delay)

time.sleep(dynamic_delay)

# Step 3: Plot the recorded data

plt.figure ()

plt.plot(time_vector, azimuth_vector, label='Azimuth')
plt.plot(time_vector, altitude_vector, label='Altitude')
plt.xlabel ("Time,(s)")

plt.ylabel("Degrees")
plt.title("Mount Position Over Time")

plt.legend ()

plt.show()

# Step 4: Save the data to an Excel file

# Filename includes the test number and step input value

test_number = 4 # Change as needed

excel_filename = f'"test_{test_number}_steps_{step_degrees_1,step_degrees_2}.xlsx"

# Create a DataFrame to store the data

data = {
"Time": time_vector,
"Input_vector":input_vector,
"Azimuth": azimuth_vector,
"Altitude": altitude_vector,
"Dynamic_delay": dynamic_delay_vector

}

# data frame

df = pd.DataFrame(data)

# Define the directory and file name
directory = r"C:\Users\mateo\Documents\TU Space master\Thesis\matlab_files\Gymbal simulation\
test_data_p_135az_45alt\3,secondsoverlap 25 max, ampli"



215
216
217
218
219
220
221

F2. Input/Output Planewave API code

103

file_path = os.path.join(directory, excel_filename)

# Save the DataFrame to an Excel file
df .to_excel(file_path, index=False)

print (f"Datarecorded and saved to, {excel_filename}")



Dynamic Budget Error Analysis
supplementary information

G.1. Brief introduction to Dynamic Error Budgeting analysis

This section aims to provide a brief background into the DEB analysis design approach, it is based on
the master thesis of W. Monkhorst [36]. The objective is to provide the main assumptions and analytical
equations utilized to perform this type of analysis, for more in-depth information readers are referred to
the cited work.

DEB analysis has been chosen based on the fact that it allows for the determination of the possible
achievable performance of a system, in the early stages of the design process. During the early design
stages often initial models of the actuators can be determined and paired with the main sources of dis-
turbances. The main benefit is that this type of analysis is compatible with signals that are of stochastic
nature, such as the ones introduced by Ship-Wave motions, Sensor tracking noise, analog-to-digital
converters, etc. The main assumptions required for DEB analysis include the following:

» The system for which the analysis is to be performed has to be fully modeled as a Linear Time
Invariant system. Non-linear behavior can be added as an additional source of disturbances in
the analysis.

+ Disturbances acting on the system must be stationary (i.e. their statistical properties do not
change over time).

» Disturbances must be uncorrelated to each other.

+ Disturbance sources must have a defined PSD, therefore only stochastic disturbances can be
utilized. However, no assumption is made regarding the distribution of the distribution functions
of the disturbances.

The fundamental idea of DEB analysis is to model how disturbances in different sections of a Closed
Loop system affect the end performance of the system. Instrumental to this, is the correct modeling
of the propagation of disturbances that act on the Closed Loop system. As visible in Figure G.1, the
sources of disturbances can occur at different sections of the closed loop system. Since these distur-
bances act in different locations of the closed-loop system, the transfer functions to which these are
applied, then have to be fitted specifically to the section to which these are applied.

104



G.1. Brief introduction to Dynamic Error Budgeting analysis 105
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Figure G.1: Schematic of a closed loop system with various disturbances acting in it [36]. Note the blue-dashed boxes
correspond to the PSD of a signal.

As described earlier in the assumptions section, the disturbance signal needs to be modeled as a
PSD, as this allows for the determination of the end closed system performance.

The fundamental idea to perform this type of analysis is to fit the Loop Sensitivity function to the
location where the PSD disturbance signal is being applied. Since the Loop Sensitivity function contains
the frequency response of the system per frequency (i.e. the degree of noise suppression/transmissivity
per frequency), then Equation G.1 can be utilized to determine the output performance of the closed
loop system (S,u:)-

Sout(f) = [H (527 f)|* * Sin(f) (G.1)

Where H(j2r f) is the specific loop sensitivity frequency response and S;,,(f) is the input PSD of the
location-specific disturbance signal.

Next is possible to integrate across the relevant frequency range, since the PSD describes the
power density over frequency [?f:], then the integral of the output PSD equals the power of the per-
formance signal, however since all disturbance signals are assumed to have zero mean, taking the

integral equates to the variance of the output performance as shown in Equation G.2.

o2 = /O Sout(f) df (G.2)

Where the discrete Root-Mean-Square error of the system’s performance can be then defined as
in Equation G.3.

fe
Yims =0, = /0 Sout(f) df (G3)

Next is the determination of the Cumulative Power Spectrum (CPS) of the system’s performance
output. As described earlier in chapter 3 at the Cumulative Power Spectrum function subsection, the
aim of this function is to describe how the variance in the system is staking up across frequencies (i.e.
how the build-up in errors scales across the relevant frequency range). Equation G.4 can be utilized to
determine CPS of the system performance output.

fe
CPS(f)= [ Sou(f)df (G4)

0
Where the CPS is defined from 0 Hz to the cut-off frequency (f.), while the integral is a monotone
increasing function, with its magnitude increasing from zero to the end value of CPS(f.) = o2. This
result is due to the fact that the final value of the CPS system performance value is equal to the variance
of the signal.

Lastly are the equations utilized for ease of visualization/understanding purposes, since the system
performance output of S, is in [%:] and the CPS is in [SI?]. It is simpler to plot the square root
versions of these, these are called the Amplitude Spectral Density (ASD) and the Cumulative Amplitude
Spectrum (CAS) and are defined as in Equation G.5 and Equation G.6.
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CAS(f) = /CPS(f) (G.6)
G.2. PPAS Dynamic Error Budgeting analysis

This section aims to present the PPAS DEB analysis results, covering aspects such as DEB loop logic,
loop-specific equations for actuator pointing error, controller effort and conclude with a discussion of
the ASD & CAS performance analysis results.

Figure G.2 provides the PPAS DEB analysis loop logic diagram, in which the input PSD disturbances
are marked with purple arrows, the core of the system Closed Loop logic is indicated by blue arrows &
boxes, the controller & actuator outputs are marked by green arrows.

PSD Ship-wave ¢ dy
. . x1
vibrations

Sy—ppas
S System Actuator
u frequency response

Se
Vref e u 2] 6+ dtotal
—>©_’[Cfsm(s)}.’[ Grsm(s) ]—V +F —

Om

Popp(s)
d;

sz
PSD QPD disturbances

Figure G.2: PPAS DEB analysis loop logic

G.2.1. PPAS DEB equations

With an understanding of the PPAS control loop logic as well as the location at which the disturbances
are entering the closed loop system, it is then possible to outline the loop-specific output performance
equations, starting with the total closed loop system pointing error performance described by Equa-
tion G.10.

SYopas (@) = [Hppas (127w)[* # Sz1(w) + [ Hppas—ts(127w)[* * Sia(w) (G.7)

Where S, and S, are the input PSD of the ship-wave disturbances and QPD disturbances, respec-
tively. While Equation G.8 and Equation G.9, describe the Loop Specific Sensitivity functions. Note
that the frequency-specific response (j27rw) of the individual transfer functions (i.e. Cfy, OF G4y, ) has
been skipped to shorten the notation space.

1
Hpas (52 = G.8
prasfts(jZ’/Tw) = pras * Gfsm * Cfsm * PQPD (Gg)

Next is the determination of the controller effort DEB equations. The controller effort is measured
right after the controller transfer function, which sends the control torques to the actuator. The controller
effort for the PPAS can be determined utilizing Equation G.10 and Equation G.11.
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SUPPAS (w) = ‘HI’P“S—W (j?ﬂ'w)|2 * (STl(w) =+ ST?(w)) (G10)

Where S,; and S,» are the input disturbances PSD are combined utilizing the assumption of superpo-
sition (applicable to linear systems and signals).

Hyppas—u, (j27w) = Hppas * Crsm * Popp (G.11)

Note that there is a single loop-specific sensitivity response function for the DEB analysis of the PPAS,
as relative to this configuration of input/output, the input disturbance PSDs enter at the same location
in the closed-loop feedback path.

Lastly, the actuator effort DEB equations are determined. The actuator effort is measured right after
the actuator displacement transfer function, it receives the control torques and converts them into an
angular displacement. The actuator effort for the PPAS can be determined utilizing Equation G.12 and
Equation G.13.

Soppas(W) = [Hppas—0(j27w)[* % (Sp1(w) + Sea(w)) (G.12)

pras—Q(.j27rw) = pras * Ofsm * Gfsm * PQPD (G13)

Now that the PPAS DEB analysis equations have been discussed, next is the interpretation of the
performance analysis results. Since the IMU data set provides information on both recorded angles and
angle rates, the following two subsections center on discussing the individual results for each of the two
measurements. Note the code utilized to perform the numerical analysis can be found in Appendix H.

G.2.2. PPAS DEB pointing angle error, controller torque and actuator angular ef-

fort results
This section centers on discussing the PPAS DEB analysis performance results with respect to the
angle disturbances of the ship-wave motions data set.

Visible in Figure G.3 is the distribution of how the disturbances contribute to the pointing error, what
is notable from the ASD plot is that the main contribution of the Ship-Wave disturbances occurs at lower
frequencies (=~ 0.1 : Hz), this can be further confirmed by the CAS plot in which the cumulative gain in
error, for the Ship-Wave disturbances, all display a sharply increasing phenomena before reaching this
frequency. After that, the cumulative sum of errors quickly stagnates afterwards, until reaching frequen-
cies close to the cutoff frequency. The cumulative sum of tracking errors is steadily increasing, starting
at alow value at lower frequencies and primarily contributing to the pointing errors at higher frequencies.

Notable from the outcomes presented in Table G.1, is the total RMS error of 3 ¢ ~ 37.62 urads
which would be sufficient to comply with the pointing error requirement PATR-01. Note that 3¢ is taken
as it "gives a good approximation of the maximum amplitude of a stochastic signal” (p14,[36]).
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Figure G.3: DEB analysis results of the PPAS system pointing angle error ASD and CAS
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Table G.1: PPAS total system pointing error DEB analysis performance results

RMS error contribution Unit [udegrees] Unit [urads] Unit[Arcsec]
Pitch Angle 212.078 3.701 0.763
Roll Angle 254 .452 4.441 0.916
Yaw Angle 230.109 4.016 0.828
QPD sensor 21.972 0.383 0.079
Total RMS error (10) 718.612 12.542 2.587

Notable from the ASD plot in Figure G.4 is the fact that the contribution to the controller torque
demands occurs primarily at lower frequencies. This could be driven by the fact that the disturbance
spectra of the ship-wave interactions have a higher amplitude at lower frequencies. This is also visible
from the CAS plot, in which the disturbance torque requirements of the ship-wave disturbance flat out
beyond ~ 2 Hz. Notably, the controller efforts required by the QPD-tracking sensor error continue
to increase, this could be the result of the oscillatory behavior increasing torque demands at higher
frequencies, this could potentially be mitigated by lowering the bandwidth of the controller, since po-
tentially at frequencies beyond the sampling rate, it appears like it could become a dominant source of
torque requirements.

From Table G.2, it is possible to conclude that RMS torque is of only 3 ¢ ~ 14.094 mN * m,
which should be a manageable torque effort for the precise actuator i.e. FSM, albeit the precise torque
specifications are not publicly available in [38], as to fully confirm this.
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Figure G.4: DEB analysis results of the PPAS controller torque ASD and CAS

Table G.2: PPAS Controller torque DEB analysis performance results

RMS torque contribution Unit [m N * m]
Pitch Angle 0.877

Roll Angle 2.565

Yaw Angle 1.293

QPD sensor 0.197X10~ 3

Total RMS torque (10) 4.698
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Notable from Figure G.5, is the fact that from the ASD plot, it is possible to recognize that the dis-
turbances at frequencies below 1 Hz contribute significantly to the required actuator effort. This could
be motivated based on the fact that it would be likely to expect that high-frequency disturbance spectra
occurring in a frigate, would have a minor contribution to angular displacement requirements, albeit still
playing a dominant role with respect to pointing errors, as seen at the CAS plot when focussing on the
contributions at the highest frequencies in Figure G.3.

From Table G.3, it is possible to determine the total angular RMS effort of 3 ¢ ~ 9.06 degrees,
which would be beyond the achievable displacement range of the FSM, which tops-out at 3 degrees
[38]. Note: Itis being assumed that it is possible to directly add up the angular contributions, to obtain
an initial estimate of the total angular displacement range. It would be advisable for future research
to verify such results via a time-based simulation, as this falls outside the scope of work of the current
research.
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Figure G.5: DEB analysis results of the PPAS actuator effort for angular range ASD and CAS
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Table G.3: PPAS Actuator effort angular range DEB analysis performance results

RMs error contribution Unit [mdegrees] Unit [mrads] Unit[Arcsec]
Pitch Angle 560.494 9.782 2017.778
Roll Angle 1628.235 28.418 5861.647
Yaw Angle 831.664 14.515 2993.990
QPD sensor 0.021 0.382X10°3 0.078

Total RMS error (10) 3020.415 52.716 10873.494

G.2.3. PPAS DEB pointing angle-rate error, controller power and actuator angular-
rate effort results

Next, are the DEB analysis results of the angle rate pointing error of the actuator, the controller supply

power, and actuator angle rate effort (slew-rate).

From the ASD plot shown in Figure G.6, it is possible to recognize that at higher frequencies, the
disturbances introduced by tracking errors start compiling, playing an ever more dominant role at higher
frequencies. Since the bandwidth of the PPAS controller is set higher than the cut-off frequency of the
DEB analysis, it is not yet possible to see the attenuation introduced by limiting the controller output,
however, this remains an alternative to decrease the compiling of pointing angle-rate errors. From the
CAS plot, it is possible to argue that even as the tracking sensor error disturbances are dominant at
higher frequencies, the initial contributions of the ship-wave disturbances at lower frequencies are still
the main contributing factors to the overall pointing angle rate error.

From the results summarized on Table G.4, it is possible to see that the yaw-angle rate has the
highest contribution to the pointing rate error. The total pointing rate RMS error approximates 3 o =
28.209 urads, which would be compliant with the PATR-01 pointing requirement.
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Figure G.6: DEB analysis results of the PPAS pointing angle rate error ASD and CAS
Table G.4: PPAS Pointing Angle Rate error DEB analysis performance results
RMs error contribution Unit [udegrees/sec] Unit [urads/sec] Unit [Arcsec/sec]

Pitch Angle-rate 91.144 1.590 0.328
Roll Angle-rate 190.210 3.319 0.684
Yaw Angle-rate 236.743 4.132 0.852
QPD sensor-rate 20.669 0.360 0.074

Total RMS error (10) 538.768 9.403 1.939
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It is possible to recognize from the ASD plot found in Figure G.7, that the controller power draw is
the highest at lower frequencies and sequentially reducing significantly at higher frequencies. From the
summary of results visible on Table G.5 it is possible to note that once again the yaw rate disturbances
have a dominant effect on the power draw, being almost an order of magnitude larger than the second
main source of power draw.

It can be argued that the total RMS power draw of 3 0 ~ 165.72 mW should remain manageable
even for a small actuator such as the one of the FSM. The relatively low power demands could be
explained by the precise angular rate corrections, occurring at higher frequencies, which could require
less power, since they appear to be of smaller displacement amplitude, thus helping to explain the
relative stagnation at higher frequencies seen in the CPS plot of Figure G.4.
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Figure G.7: DEB analysis results of the PPAS controller power ASD and CAS
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Table G.5: PPAS Controller Power DEB analysis performance results

RMS power contribution Unit [m W]
Pitch Angle 0.651

Roll Angle 5.057

Yaw Angle 49.532
QPD sensor 53X10°°
Total RMS power (10) 55.24

Visible from the CAS plot in Figure G.8, is the fact that the angle-rate effort tops out quickly after
reaching ~ 0.2 Hz, notable from these results is the fact that for both actuator angle and angle rate
effort, the main contributions appear to occur at lower frequencies.

From the results summarized on Table G.6, it is possible to determine the total actuator pointing
rate effort/slew rate, by taking the total RMS actuator rate effort it approximates a value of 3 ¢ =
6.69 degrees/sec, which is certainly achievable given the allowable closed-loop bandwidth of the FSM
actuator.
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Amplitude Spectral Densities of the frequency response
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Figure G.8: DEB analysis results of the PPAS actuator angle rate effort ASD and CAS
Table G.6: PPAS Actuator Angle Rate effort DEB analysis performance results

RMs error contribution Unit [mdegrees/sec] Unit [mrads/sec] Unit [Arcsec/sec]

Pitch Angle-rate 403.270 7.038 1451.773

Roll Angle-rate 841.473 14.686 3029.305

Yaw Angle-rate 986.142 17.211 3550.112

QPD sensor-rate 0.020 0.362X103 0.074

Total RMS error (10) 2230.907 38.936 8031.266
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G.3. CPAS Dynamic Error Budgeting analysis

The next section in this chapter is the CPAS DEB analysis. This section aims to cover the CPAS DEB
loop logic, derive the output performance DEB equations including the loop specific sensitivity functions
and conclude with a discussion of the performance results.

The section starts by discussing the CPAS DEB loop logic, which is clearly outlined on Figure G.9.
From the figure it is possible to see that the purple arrows introduce the ship-wave PSD’s and the QPD
PSD disturbances at the forward and feedback paths, respectively. While the output of performance is
measured at three points by the green arrows, these being the total system output measuring pointing
errors at the end of the forward path, the controller system performance right after the controller transfer
function, lastly the actuator effort is measured right after the actuator transfer function.

Sy—cpas

System Actuator
frequency response

0+ dtotal

| Ferp () ) @:
d,
Sx2

PSD QPD disturbances
Figure G.9: CPAS DEB analysis loop logic

G.3.1. CPAS DEB equations

With the DEB loop logic of the CPAS discussed, next is the discussion of the DEB system performance
and loop specific sensitivity functions. It is then possible to start describing the DEB actuator total out-
put performance system, described by Equation G.14. What can be seen from this equation is that
there are two loop specific sensitivity functions, which correspond to the two specific places at which
the Ship-Wave and QPD disturbances PSD are introduced into the closed loop.

The first loop specific sensitivity function corresponds to the complete sensitivity of the total closed-
loop performance and is fully described by Equation G.15. The second loop specific sensitive function
corresponds to the sensitivity function relative to the location where the QPD disturbances are intro-
duced, as the actuator output is located at the forward path and is required to include the transfer
functions located at the end of the forward path, to then proceed backward until reaching the location
at which the QPD disturbances enter the closed loop system, this is described on Equation G.16.

S¥eras (W) = [Hepas (721w)|* * Sa1(w) + [Hepas—ts (721w) | * Saa(w) (G.14)

1
e G G.15
P (] ) 1+ Cgimbal * Ggim,bal * PQPD ( )

Hcpas—ts (j277w) = Hcpas * Ggimbal * Ogimbal * PQPD (G16)
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With the CPAS DEB output performance equations of the actuator having been discussed, next is
to discuss the output performance equations of the CPAS controller, which are utilized to determine the
controller effort. For this configuration a single DEB output performance and a single loop specific sensi-
tivity function are required, this is due to the fact that relative to the output of the controller, the locations
where the PSDs of the Ship-Wave and sensor disturbances are introduced, they both pass through the
same closed loop path. The total controller performance output is described by Equation G.17, while
the controller loop sensitivity function is covered by Equation G.18.

Suceas (@) = [Hepas—u, (127w)[* % (Sp1(w) + So2(w)) (G.17)

Hcpas—'tu (.727rw) = Hcpas * Cgi’rnbal * PQPD (G18)

The last DEB equations left to discuss are the output performance equations of the actuator effort.
The actuator effort performance output is described by Equation G.19, while the actuator loop sensitivity
function is covered by Equation G.20.

Soopas(w) = |H0pas—9(j27w})|2 * (Sz1(w) + Siz(w)) (G.19)

Hcpasfe(jz]rw) = Hcpas * Cgimbal * Ggimbal * PQPD (G20)

G.3.2. CPAS DEB pointing angle error, controller torque and actuator angular ef-

fort results
The next is to present the results of performing the DEB analysis with respect to the angle PSD dis-
turbances. From Figure G.10 it is possible to denote from the CAS plot, that the pointing angle errors
while initially damped, they pointing angle errors start to accumulate as the frequency increases, af-
ter reaching the controller bandwidth limit, they appear to decrease the accumulation of errors, which
could be the result of the system rejecting inputs occurring at frequencies much higher than the con-
troller bandwidth.

Next are the results provided on Table G.7, which highlight a total RMS pointing error of 3 0 =
493 prads, that is clearly insufficient to comply with PATR-01 pointing jitter requirement. Another
remarkable outcome of this analysis is the fact that due to the early cut-off frequency of the gimbal
controller, the tracking sensor error disturbances are minimized and their impact contribution to the
overall pointing error is almost negligible when compared to the magnitude of the errors caused by the
Ship-Wave disturbances.
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Table G.7: CPAS actuator pointing angle error DEB analysis performance results

RMs error contribution Unit [mdegrees]
Pitch Angle 3.649
Roll Angle 1.300
Yaw Angle 4.459
QPD sensor 0.008
Total RMS error (10) 9.419

Unit [mrads]
0.063
0.022
0.077
0.153X10°%
0.153

Unit[Arcsec]
13.139

4.683

16.056

0.031

33.910

As visible from Figure G.11, the main contributions to the controller torque effort occur at lower fre-
quencies, this is visible on the ASD plot, where the disturbance-induced controller torques dominate in
amplitude for frequencies below 1 Hz. This could be the result of lower frequency disturbances being
large in amplitude and due to the relatively larger damping coefficient of the CPAS (when compared to
the PPAS), this combination could be the result of the relatively high torque demand at lower frequen-

cies.

From the results shown in Table G.8, it is possible to determine that the total RMS torque is of
30 ~ 7.225 Nxm, which is =~ 3.8 lower than the official maximum continuous torque rating of 27 N xm
of the L-350 direct drive gimbal [48]. Thus fully capable of fulfilling these torque effort requirements.
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Figure G.11: DEB analysis results of the CPAS controller torque ASD and CAS plots

Table G.8: CPAS Controller torque DEB analysis performance results

RMS torque contribution Unit [m N * m]
Pitch Angle 504.98

Roll Angle 1046.97

Yaw Angle 853.09

QPD sensor 3.47

Total RMS torque (10) 2408.53
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The summary of results provided on Table G.9 are relatively similar to those provided earlier in
the PPAS actuator angular effort (Table G.3). This could be explained based on the fact that both
systems are attempting to offset the same disturbances with the same amplitude, albeit there is a
minor difference in effort with respect to the displacements performed by each actuator. The total RMS
angular effortis of 3 0 ~ 9.06 degrees, which is compatible with the angular displacement ranges of

the L-350 (namely being 0-90 Degrees for northern/southern hemispheres [48]).

Amplitude Spectral Densities of the frequency response
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Figure G.12: DEB analysis results of the CPAS actuator angular effort ASD and CAS plots
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Table G.9: CPAS actuator angular effort DEB analysis performance results

RMs error contribution Unit [mdegrees] Unit [mrads] Unit[Arcsec]
Pitch Angle 561.10 9.79 2019.97

Roll Angle 1629.39 28.43 5865.81

Yaw Angle 831.74 14.51 2994.27
QPD sensor 0.008 0.15X1073 0.031

Total RMS error (10) 3022.24 52.74 10880.09

G.3.3. CPAS DEB pointing angle-rate error, controller power and actuator angular-
rate effort results

From the results shown in Figure G.13, it is possible to denote from the ASD plot that the contributions

to the pointing angle rate error of the Ship-Wave disturbances peak at frequencies above 10 H z, stay-

ing consistently high, until reaching the cut-off frequency. From these results is possible to argue that

the CPAS is encountering difficulties with offsetting/counteracting disturbances occurring at higher fre-

quencies, even as those are of lower amplitude when compared to those occurring at lower frequencies.

This outcome is also visible in the CAS plot, where as expected, the errors increase quickly at lower
frequencies, then stagnate, and then significantly increase thereafter. This once again, as in the angle
pointing error analysis, highlights the limits imposed by the relatively low controller bandwidth, leading
to an incapacity to comply with requirement PATR-01, as the total RMS pointing angle-rate error of
30 = 2.531 mrads/sec.
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Amplitude Spectral Densities of the frequency response
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Figure G.13: DEB analysis results of the CPAS pointing angle rate ASD and CAS plots
Table G.10: CPAS Pointing Angle Rate DEB analysis performance results
RMs error contribution Unit [mdegrees/sec] Unit [mrads/sec] Unit [Arcsec/sec]
Pitch Angle 17.64 0.30 63.51
Roll Angle 11.30 0.19 40.70
Yaw Angle 19.39 0.33 69.82
QPD sensor 0.008 0.152X1073 0.031

Total RMS error (10) 48.35 0.843 174.07
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From Figure G.14 it is possible to highlight from the ASD plot, that the contribution to the controller
power requirements concentrates at two different sections, the first section corresponds to the power
required to off-set low-frequency disturbances with a high amplitude, while the second section corre-
sponds to high-frequency disturbances, which are characterized to have a lower amplitude but their
high-frequency content could be requiring an increasing amount of power. The total RMS power re-
quirementis 3 0 ~ 18.37 W, which should be achievable as the standard power supply system of the
L-350 should be capable of supplying 1800 W ( 120 VAC 15A IEC Type B Regulated Power Adapter
[48]).
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Figure G.14: DEB analysis results of the CPAS controller power ASD and CAS plots



G.3. CPAS Dynamic Error Budgeting analysis 127

Table G.11: CPAS Controller Power DEB analysis performance results

RMS power contribution Unit [m W]
Pitch Angle 1445.25
Roll Angle 981.80
Yaw Angle 3693.46
QPD sensor 3.474
Total RMS power (10) 6124.00

Is possible to conclude from the CAS plot shown in Figure G.15, that the great majority of the angular
rate effort requirements build up before reaching 1H z, which could be explained, either by the majority
of the amplitude of the disturbances occurring before this frequency or due to the limitations imposed
by low controller bandwidth limiting the capacity of requiring larger angular rate effort. The total RMS
angular rate effortis 3 ¢ =~ 6.69 degrees/sec. Which falls well in line with the specifications of the
L-350 mount capable of continuous 20 degrees/sec slew rate [48].
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Figure G.15: DEB analysis results of the CPAS actuator angular rate effort ASD and CAS plots

Table G.12: CPAS Actuator Angular Rate effort DEB analysis performance results

RMs error contribution
Pitch Angle

Roll Angle

Yaw Angle

QPD sensor

Total RMS error (10)

Unit [mdegrees/sec] Unit [mrads/sec]
403.67 7.04

842.12 14.69

986.27 17.21

0.008 0.152X10° 3
2232.07 38.95

Unit [Arcsec/sec]
1453.21

3031.65

3550.57

0.031

8035.48

102
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G.4. DSAS DEB analysis results and figures

G.4.1. DSAS DEB pointing angle error, controller torque and actuator angular ef-

fort results

With the DSAS DEB equations covered, next is to discuss the multiple results acquired by performing
the DEB analysis. Starting with the results from the total system pointing angle error analysis, are the
ASD and CAS plots, visible on Figure G.16. Notable from these results is the significant attenuation of
the ship-wave disturbances at lower frequencies. At such frequency ranges the sensor disturbances
play the dominant role until reaching ~ 12 H z, where from that point-onwards the pitch and yaw then
become dominant. This is also visible on the CAS plot where the contribution of the QPD sensor error
dominates at lower frequencies and its total contribution stays above the Roll disturbances.

The outcomes visible from both plots are directly visible as well on the total pointing error summary
provided on Table G.13, where the pitch, yaw and QPD-sensor errors are the 3 main contributors. The
total RMS error is set at 30 ~ 21.75 prads, which is =~ 56 % below the maximum PATR-01 RMS
pointing jitter requirement.
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Amplitude Spectral Densities of the frequency response
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Figure G.16: DEB analysis results of the DSAS total actuator pointing angle error ASD and CAS plots

Table G.13: CPAS actuator pointing angle error DEB analysis performance results
RMs error contribution Unit [udegrees] Unit [purads] Unit [Arcsec]
Pitch Angle 171.09 2.98 0.61
Roll Angle 10.31 0.18 0.03
Yaw Angle 212.05 3.70 0.76
QPD sensor 22.09 0.38 0.07
Total RMS error (10) 415.55 7.25 1.49
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Next is the interpretation of the chief and deputy controller torque results. Visible from the ASD
plots shown in Figure G.17, is the aspect that the ship-wave disturbances require the highest amount
of torque at lower frequencies, starting to decline at frequencies higher than ~ 0.15 Hz. Beyond these
frequencies, the behavior of the chief and deputy controllers deviate from each other.

The torque requirements increase once again when looking at the contributions beyond ~ 10 Hz
which is to be expected as it is the first natural frequency of the gimbal actuator, from there onwards the
behavior changes, whereas, for the deputy controller, the torque efforts eventually decline and settle
out, the controller demands the chief controller increase significantly thereafter. This effect is also visi-
ble in the CAS plot, where the cumulative torque effort increases significantly towards the last sampled
frequencies. This is to be expected as the disturbances occurring at higher frequencies, stay within the
chief controller bandwidth, thus the chief stage is capable of still offsetting these errors coming at the
cost of higher torques, albeit the torque requirements of the chief actuator remain marginal.

From the summary of results provided on Table G.14, it is possible to conclude that the total RMS
controller torque for the chief controller is 30 ~ 107.76 uN * m, while for the deputy controller is
30 ~ 7222.21 mN x m. While the controller torque effort required for both chief and deputy controllers
remains manageable, it is noteworthy to observe that the dual-stage controller system has reduced
the torque requirements of the chief actuator by at least an order of magnitude, when compared to the
chief actuator working alone as in the PPAS.
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Figure G.17: DEB analysis results of the DSAS chief and deputy controller torque ASD and CAS plots. Top plots correspond
to the chief controller, while bottom ones correspond to the deputy controller
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Table G.14: DSAS Chief and Deputy Controller torque DEB analysis performance results

Chief controller torque Deputy controller torque
RMS torque contribution Unit [uN * m] Unit [mN * m]

Pitch Angle 14.99 504.80

Roll Angle 2.19 1046.97

Yaw Angle 18.53 852.14

QPD sensor 0.19 3.47

Total RMS torque (10) 35.92 2407.40

Lastly to discuss, are the results from chief and deputy actuator effort results. Visible in Figure G.18
are the ASD and CPAS actuator angular effort results. A similar story to the one of the controller effort
results, is visible here, where the actuator efforts for both chief and deputy actuators are higher at lower
frequencies.

From Table G.15 it is possible to determine the total RMS actuator effort of the chief actuator of
30 ~ 28.49 mdegrees, which falls well within the FSM (chief actuator) capabilities, highlighting the
fact that the dual-stage configuration has helped to offload the chief actuator. Next is the total RMS
actuator effort of the deputy actuator with a value of 30 ~ 9.06 degrees, which is well within the range
of the deputy actuator. From both of these results, it is possible to conclude that both chief and deputy
actuators show the capacity to remain within their respective angular ranges.
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Table G.15: DSAS chief and deputy actuators angular efforts DEB analysis performance results

Chief actuator effort Deputy actuator effort

RMs error contribu- Unit Unit Unit Unit Unit Unit

tion [mdegrees] [mrads] [Arcsec] [mdegrees] [mrads] [Arcsec]
Pitch Angle 3.68 0.064 13.24 560.509 9.782 2017.832
Roll Angle 1.30 0.022 4.68 1628.248 4.49 5861.690
Yaw Angle 4.49 0.078 16.19 831.673 14.515 2994.023
QPD sensor 0.019 0.34X107% 0.07 0.015 0.275X10~3 0.056
Total RMS effort (10) 9.49 0.165 34.19 3022.24 52.74 10880.09

G.4.2. DSAS DEB pointing angle-rate error, controller power and actuator angular-

rate effort results
As visible from the ASD plot in Figure G.19, for lower frequencies, the contribution of the QPD sensor
errors heavily influences the contribution towards pointing angle-rate errors. This holds until reaching
frequencies above ~ 10 Hz, after this, the ship-wave disturbances overtake to become the prominent
sources of errors.

These sources of errors add up quickly at the frequency closest to the cut-off frequency, as visible
from the CAS plot.FromTable G.16 itis possible to determine the total RMS pointing angle-rate errors of
30 ~ 308 urad/sec. This highlights the inability of the base performance (398 Hz for the chief actuator
and 10 Hz for the deputy actuator) DSAS to fully comply with PATR-01 pointing jitter error requirement.
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Figure G.19: DEB analysis results of the DSAS total pointing angle rate ASD and CAS plots

Table G.16: DSAS Total Pointing Angle Rate DEB analysis performance results

RMs error contribution Unit [mdegrees/sec] Unit [mrads/sec] Unit [Arcsec/sec]
Pitch Angle 2.25 0.039 8.09

Roll Angle 1.25 0.021 4.53

Yaw Angle 2.35 0.041 8.46

QPD sensor 0.022 0.384X10° 0.079

Total RMS error (10) 5.882 0.102 21.17

Next is to discuss the power requirement results shown in Figure G.20. As visible from the ASD
and CAS plots, the power requirements follow along the controller bandwidths, in the case of the chief
controller, having a larger bandwidth, it is capable of requiring consistently higher amounts of power,
as more energy is required for off-setting the disturbances occurring at higher frequencies.
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The opposite is true for the deputy controller, where the highest contribution to power requirements
occurs at lower frequencies. From Table G.17, it is possible to determine the total RMS of the chief
controller power draw is at 30 ~ 1.47 mW while the deputy controller is at 30 ~ 18.33 W, both
remaining manageable for the selected setups.
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Figure G.20: DEB analysis results of the DSAS Chief and Deputy controller power ASD and CAS plots

Table G.17: DSAS Chief and Deputy Controller Power DEB analysis performance results

Chief controller power Deputy controller power
RMS torque contribution Unit [ W] Unit [m W]

Pitch Angle 188 1442.59

Roll Angle 108 980.47

Yaw Angle 195 3685.70

QPD sensor 0.18 3.45

Total RMS power (10) 492 6112.23

Lastly are the actuator angle-rate effort requirements, the ASD and CAS plots are shown in Fig-
ure G.21. Visible from the ASD plots are the contributions per frequency to the actuator angle-rate
requirements, it is possible to observe that for the chief actuator, the actuator requirements remain
consistent, only peaking at higher frequencies. The pointing requirements for the deputy actuator are
highest at the lower frequencies gradually reducing at higher frequencies.

From Table G.18, it is possible to determine the total RMS angular-rate effort requirement for the
chief actuator of 30 ~ 154.42 mdegrees/sec while the deputy actuator is at 3c =~ 6.88 degrees/sec,
which both actuators are capable of achieving.
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Figure G.21: DEB analysis results of the DSAS chief and deputy actuator angular rate effort ASD and CAS plots

Table G.18: CPAS Actuator Angular Rate effort DEB analysis performance results

Chief actuator angular rate

RMs error contribu-
tion

Pitch rate

Roll rate

Yaw rate

QPD sensor-rate

Total RMS effort
(1o0)

Unit
[mdeg/sec]

18.86
11.87
20.72
0.022

51.47

Unit Unit
[mrads/sec] [Arcsec/sec]
0.329 67.91

0.207 42.73

0.361 74.59

0.384X10~2  0.079

0.89

185.31

Deputy actuator angular rate

Unit
[mdeg/sec]

403.67
842.19
1047.54
0.022

2293.43

Unit
[mrads/sec]

7.04
14.69

18.283
0.384X1073

40.02

Unit
[Arcsec/sec]

1453.22
3031.91
3771.14
0.079

8256.35
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Dynamic Budget Error Analysis code

% Updated script utilized to perform DEB analysis of the PPAS stage
load('deb_analysis_angle_files.mat')

% import
avg_psdl

avg_psd2 =

avg_psd3

% creation

the general data set into individual vectors
= reg_psd_pitch';

reg_psd_roll';

= reg_psd_yaw';

of the QPD psd errors

% Statistical error properties

mean = 0; % Mean of the positional error

std_dev = 8.27E-06; J Standard deviation of the positional error (square root of the variance
) QPD G6849-01

%std_dev = 2.78E-05;

% sizing properties to macth the original reference signal

sampling_rate = 200; % Sampling rate in Hz

num_samples = length(original_signal); % Number of data points required to obtain an estimate
of the PSD SW function

% Generate simulated positional error data
positional_error = mean + std_dev * randn(l, num_samples);

% convert positional error vector into PSD error vector
[frequency_vector, y_norm_amplitude, psd_error_data ] =

normalize_amplitude_dft_and_psd_creation (positional_error, sampling_rate);

% Discrete transform
s = tf('s');

% step 2 creation of the LTI models

% second order plant model parameters:

k = 11.22; % gain

k_rad_deg = 180/ (pi); % Gain for conversion from rad to degrees [-]

w_0 = 169.6; % rad/s

C = 0.04; % damping ratio fitted to the measured data of the system

% measured sampling delay of the digital system

T_s = 50.04E-06; % Controller board running at 20khz with quadcell running at a
sampling rate of 25 MHz

%T_s = 500.4E-06; % time delay increase by a factor of 10 to account for delays in

the system
% FSM controller gain parameters

k_p = 0.06111;

k_i = 6.88191;

k_d = 0.0001317;

N = 9117.06; % rad/sec which is roughly a cutt-off frequency around 1451 Hz

% 2nd order pade approximation for time delay

P_gpd = ((1-(T_s/(2%2))*s)~2)/((1+(T_s/(2%2))*s)72);
%P_qpd = exp(-s*T_s)

% FSM plant model
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G_fsm = k_rad_deg*xk*x((w_072)/(s"2+2*%w_0*C*s+w_0"2)) ;
% Controller T.F.
C_fsm = k_p+k_i*(1/s)+k_d*(N/(1+N*(1/s8)));

% step 3 obtain the loop and sensitivity function and perform sensitivity analysis

% first the frequency vector needs to be converted into rad/sec

frequency_padded_rad = 2*pi*frequency_original;

% loop function

L_s = minreal (G_fsm*xC_fsm*P_qpd) ;
% sensitivity function

S_x = minreal (1/(1+L_s));

% modified sensitivity function for T.S. disturbances
S_x_ts = L_s/(1+L_s);
S_x_ts = minreal(S_x_ts);

% frequency response of the total sensitivity function
[S_x_mag,S_x_phase, wout] = bode(S_x,frequency_padded_rad);
S_x_mag = squeeze (S_x_mag);

% Convert magnitude to array and square it to get

S_x_mag_squared

= S_x_mag."2';

% converte phase array
S_x_phase = squeeze(S_x_phase);

% frequency response of the T.S.
[S_x_ts_mag,S_x_ts_phase, wout2] = bode(S_x_ts,frequency_padded_rad);

S_x_ts_mag = squeeze(S_x_ts_mag);

% Convert magnitude to array and square it to get

S_x_ts_mag_squared = S_x_ts_mag."2';
% convert phase array

S_x_ts_phase =

S

queeze (S_x_ts_phase);

Is(jw) 1~2

sensitivity function

IS(jw) |~2

% PSD output of the multiplication between sensitivity function and input PSD

S_y_1 = avg_psdl.*S_x_mag_squared;
S_y_2 = avg_psd2.*S_x_mag_squared;
S_y_3 = avg_psd3.*S_x_mag_squared;

% output of the sensitivity function

S_y_ts = psd_error_data.*S_x_ts_mag_squared;
% total sum of disturbances PSD output
S_y_total = S_y_1+S_y_2+S_y_3+S_y_ts;

% Amplitude Spectral Density of the output PSD
Asd_1 = sqrt(S_y_1);

Asd_2
Asd_3

sqrt(S_y_2);
sqrt(S_y_3);

Asd_4 = sqrt(S_y_ts);
Asd_total = sqrt(S_y_total);

figure;

loglog(frequency_vector ,Asd_1)

hold on

loglog(frequency_vector ,Asd_2)

hold on

loglog(frequency_vector ,Asd_3)

hold on

loglog(frequency_vector ,Asd_4)

% hold on

% semilogx (frequency_padded,20*1logl0(Asd_total))

grid omn
legend ('Pitch',

'Roll','Yaw','QPD_disturbances')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude dB,,(degrees/$\sqrt{Hz}$) "', 'Interpreter','latex');
title('Amplitude Spectral Densities of the frequency response','Interpreter’

% Integrate over the frequency range to find total effect

total_effect_1

sqrt (trapz (wout, S_y_1));

,'latex')
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total_effect_2 = sqrt(trapz(wout, S_y_2));
total_effect_3 = sqrt(trapz(wout, S_y_3));
total_effect_4 = sqrt(trapz(wout, S_y_ts));
total_effect_total = total_effect_1l+total_effect_2+total_effect_3+total_effect_4;

% Display Standard deviations

disp(['\sigma{rms} Pitch rate Disturbance:,', num2str (le+6*total_effect_1),' micro-degrees,'
,num2str (1e+6*(pi/180) *total_effect_1),'ymicro-rads, ',
num2str (3600*xtotal _effect_1), ' arcsec']);

disp(['\sigma{rms} Roll rate Disturbance:,', num2str(le+6*total_effect_2),' micro-degrees, ',
num2str (1e+6*(pi/180) *total_effect_2),' micro-rads, ',
num2str (3600*total_effect_2),' arcsec']);

disp(['\sigma{rms} Yaw,rate Disturbance:. ', num2str(le+6*total_effect_3), ' micro-degrees, ',
num2str (le+6*(pi/180) *total_effect_3),'ymicro-rads, ',
num2str (3600*xtotal_effect_3),' arcsec']);

disp(['\sigma{rms} ,QPD Disturbance: ', num2str (le+6*xtotal_effect_4),' micro-degrees, ',
num2str (1e+6*(pi/180) *total_effect_4),' micro-rads, ',
num2str (3600*xtotal _effect_4), ' arcsec']l);

% Display total standard deviation

disp(['\sigma{rms} of Disturbances: ', num2str(le+6xtotal_effect_total),' micro-degrees,, ',
num2str (le+6*(pi/180) *total_effect_total), ' micro-rads,,',
num2str (3600*total_effect_total),' arcsec']);

% Classic approach

cps_1 = cumtrapz(wout,S_y_1);

cps_2 = cumtrapz(wout,S_y_2);

cps_3 cumtrapz (wout ,S_y_3);

cps_4 = cumtrapz(wout,S_y_ts);

cps_total = cps_1+cps_2+cps_3+cps_4;

% plot to see results

figure;

loglog(frequency_vector,sqrt(cps_1))

hold on

loglog(frequency_vector,sqrt(cps_2))

hold on

loglog(frequency_vector,sqrt(cps_3))

hold on

loglog(frequency_vector,sqrt(cps_4))

grid omn

legend('Pitch', 'Roll','Yaw','QPD_disturbances"')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude dB(degrees) ', 'Interpreter','latex');

title ('CAS of the frequency response','Interpreter','latex')

% get final results

total_cps_effect_1 = sqrt(cps_1(end));

total_cps_effect_2 = sqrt(cps_2(end));

total_cps_effect_3 sqrt (cps_3(end));

total_cps_effect_4 = sqrt(cps_4(end));

total_cps_effect_total = total_cps_effect_l+total_cps_effect_2+total_cps_effect_3+
total_cps_effect_4;

% Display individual effects

disp(['Total ,CPS Effect Pitchyrate Disturbance on System Output:,', num2str (1000%*
total_cps_effect_1),' mdegrees, ',num2str (1000*(pi/180)*total_cps_effect_1), ' mrads, ',

num2str (3600*xtotal_cps_effect_1), ' arcsec']);
disp(['Total CPS Effect Roll rate Disturbancegon, System Output:,', num2str (1000*
total_cps_effect_2), ' mdegrees, ' ,num2str (1000*(pi/180)*total_cps_effect_2),' mrads,. ',

num2str (3600*xtotal_cps_effect_2), ' arcsec']);
disp(['Total ,CPS EffectYaw rate Disturbance on System Output: ', num2str (1000%
total_cps_effect_3), ' mdegrees, ' ,num2str (1000*(pi/180)*total_cps_effect_3),' mrads, ',

num2str (3600*xtotal_cps_effect_3),'arcsec']);

disp(['Total ,CPS Effect QPD Disturbance on,System Output:,', num2str (1000*total_cps_effect_4)
, 'umdegrees, ' ,num2str (1000*(pi/180) *total_cps_effect_4), ' mrads, ',
num2str (3600*xtotal_cps_effect_4), ' arcsec']);

% Display total effect
disp(['Total Effect CPS,(S.W., +,T.S.)of Disturbancegon System Output:,', num2str (1000%
total_cps_effect_total), ' mdegrees,,',num2str (1000*(pi/180)*total_cps_effect_total), 'y
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mrads ., ', ...
num2str (3600*xtotal_cps_effect_total),' arcsec']);

% DEB controller effort

%controller specific transfer function

S_ut = minreal (S_x*C_fsm*P_qpd);

% frequency response of the controller specific sensitivity function
[S_ut_mag,S_ut_phase, wout_ut] = bode(S_ut,frequency_padded_rad);
S_ut_mag = squeeze(S_ut_mag);

% Convert magnitude to array and square it to get [S(jw)|~2
S_ut_mag_squared = S_ut_mag. 2';

% PSD output of the multiplication between sensitivity function and input PSD
avg_psdl.*S_ut_mag_squared;
avg_psd2.*S_ut_mag_squared;
avg_psd3.*S_ut_mag_squared;

UJIUJUJ
‘<‘I<1'*<
W N =
|

% output of the sensitivity function
S_y_4 = psd_error_data.*S_ut_mag_squared;
% total sum of disturbances PSD output
S_y_total = S_y_1+S_y_2+S_y_3+S_y_4;

% Amplitude Spectral Density of the output PSD
Asd_1 = sqrt(S_y_1);

Asd_2 = sqrt(S_y_2);

Asd_3 = sqrt(S_y_3);

Asd_4 = sqrt(S_y_4);

Asd_total = sqrt(S_y_total);

figure;

loglog(frequency_vector ,Asd_1)

hold on

loglog(frequency_vector ,Asd_2)

hold on

loglog(frequency_vector ,Asd_3)

hold on

loglog(frequency_vector ,Asd_4)

grid on

legend('Pitch', 'Roll','Yaw','QPD,disturbances')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude dB,, (N*m/$\sqrt{Hz}$) ', 'Interpreter','latex');
title('Amplitude Spectral Densities of the ,frequency response','Interpreter','latex')

% Integrate over the frequency range to find total effect

total_effect_1 = sqrt(trapz(wout, S_y_1));

total_effect_2 = sqrt(trapz(wout, S_y_2));

total_effect_3 = sqrt(trapz(wout, S_y_3));

total_effect_4 = sqrt(trapz(wout, S_y_4));

total_effect_total = total_effect_1+total_effect_2+total_effect_3+total_effect_4;

% Display Standard deviations

disp(['\sigma{rms} Pitch_ rate Disturbance:', num2str(le+3*total_effect_1),' mN*m']);
disp(['\sigma{rms} Roll,rate Disturbance:, ', num2str(le+3*total_effect_2),' mN*m']);
disp(['\sigma{rms} Yaw,rate Disturbance: ', num2str(le+3*total_effect_3), ' mN*m']);
disp(['\sigma{rms} QPD Disturbance:, ', num2str (le+3*xtotal_effect_4),' mN*m']);

% Display total standard deviation

disp(['\sigma{rms} of Disturbances:, ', num2str(le+3xtotal_effect_total),' mN*m']);

% Classic approach

cps_1 = cumtrapz(wout,S_y_1);

cps_2 = cumtrapz(wout,S_y_2);

cps_3 = cumtrapz(wout,S_y_3);

cps_4 = cumtrapz(wout,S_y_4);
cps_total = cps_1l+cps_2+cps_3+cps_4;
% plot to see results

figure;
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loglog(frequency_vector,sqrt(cps_1))

hold on

loglog(frequency_vector,sqrt(cps_2))

hold on

loglog(frequency_vector,sqrt(cps_3))

hold on

loglog(frequency_vector,sqrt(cps_4))

grid omn

legend('Pitch', 'Roll','Yaw','QPD,disturbances')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude_ dB,(N*m)','Interpreter', 'latex');

title('CAS_of the frequency_ response','Interpreter','latex')

% get final results

total_cps_effect_1 = sqrt(cps_1(end));

total_cps_effect_2 = sqrt(cps_2(end));

total_cps_effect_3 = sqrt(cps_3(end));

total_cps_effect_4 = sqrt(cps_4(end));

total_cps_effect_total = total_cps_effect_l+total_cps_effect_2+total_cps_effect_3+
total_cps_effect_4;

% Display individual effects

disp(['Total, ,CPS Effect Pitch,rate, Disturbance on,System ,Output:,', num2str(
total_cps_effect_1), ' Nm']);

disp(['Total ,CPS Effect Roll rate Disturbance on, System Output:,', num2str(total_cps_effect_2

), 'uNm']);

disp(['Total ,CPS Effect,Yaw,rate Disturbance on System Output: ', num2str(total_cps_effect_3)
,'ulm' 1) ;

disp(['Total CPS Effect QPD Disturbance on,System Output:,', num2str(total_cps_effect_4), ' Nm
'1);

% Display total effect
disp(['Total Effect ,CPS,(S.W.,+,T.S.)0f Disturbance on System Output:,', num2str(
total_cps_effect_total),' Nm']);

function [frequency_vector, y_norm_amplitude, psd_imu_data ] =
normalize_amplitude_dft_and_psd_creation (imu_data, sampling_frequency)
% determine sample size i.e. the length of the signal
N = length(imu_data);

% perform calculation of DFT with a two sided amplitude
y_norm_amplitude = abs(fft(imu_data))/N;

% sizing to one sided amplitude
y_norm_amplitude = y_norm_amplitude (1:N/2+1);

% double values except for DC and Nyquist frequencies
y_norm_amplitude (2:end-1) = 2*y_norm_amplitude(2:end-1);

% create a dedicated frequency vector
frequency_vector = O:sampling_frequency/N:sampling_frequency-1/sampling_frequency;

% adjust frequency vector
frequency_vector = frequency_vector (1:N/2+1);

% perform calculation of PSD with two sided power
psd_imu_data = (1/(sampling_frequency*N))*abs(fft(imu_data)) . 2;

% sizing to one sided power
psd_imu_data = psd_imu_data(1:N/2+1);

% double values except for DC and Nyquist frequencies
psd_imu_data(2:end-1) = 2*psd_imu_data(2:end-1);

end



Verification results full-size plots and
Code

I.1. Frequency pipeline verification full-size plots
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Figure 1.1: Input test time domain signal at the top plot, while the bottom plot corresponds to the output power spectral density
function of the input test signal. Test signal with a total duration of 1 second.
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Figure 1.2: Input test signal after applying a hamming window function and zero padding, with a signal duration of 1 second.
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Figure 1.3: Input test time domain signal at the top plot, while the bottom plot corresponds to the output power spectral density
function of the input test signal. Test signal with a total duration of 10 seconds.
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Figure 1.4: Input test signal after applying a hamming window function and zero padding, with a signal duration of 10 seconds
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Figure 1.5: Input test time domain signal at the top plot, while the bottom plot corresponds to the output power spectral density
function of the input test signal. Test signal with a total duration of 50 seconds.
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Figure 1.6: Input test signal after applying a hamming window function and zero padding, with a signal duration of 50 seconds
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Figure 1.7: Input test time domain signal at the top plot, while the bottom plot corresponds to the output power spectral density
function of the input test signal. Test signal with a total duration of 100 seconds.
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Figure 1.8: Input test signal after applying a hamming window function and zero padding, with a signal duration of 100 seconds.
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Figure 1.9: Input test time domain signal at the top plot, while the bottom plot corresponds to the output power spectral density
function of the input test signal. Test signal with a total duration of 200 seconds.
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Figure 1.10: Input test signal after applying a hamming window function and zero padding, with a signal duration of 200
seconds.

I.1.1. Frequency pipeline verification code

% This script generates a Gaussian noise signal, computes its Power Spectral Density (PSD),
% plots the time-domain signal and PSD, and estimates the original standard deviation
% from the PSD.

close all;

set (groot, 'DefaultAxesFontSize', 32);

set(groot, 'DefaultAxesGridLineWidth', 2.8); set(groot,'DefaultAxesGridLineWidthMode', '
manual')

set (groot, 'DefaultLinelineWidth', 0.8)

% Parameters

fs = 200; % Sampling frequency in Hz

t_end = 200; % duration of simulation in sec
disp(['Simulation duration, =, ',num2str(t_end), 'ysec'])

T = 0:1/fs:t_end-1/fs; J) time vector in seconds

N = length(T); % Number of samples
N_original = N;
sigma = 1; % Desired standard deviation of Gaussian noise [-]

% Step 1: Generate Gaussian Noise Signal
% Generate white Gaussian noise with zero mean and specified standard deviation
time_signal = sigma * randn(N,1);

% Step 2: Apply Windowing and Zero-Padding
[processed_signal ,windowed_signal, time_vector_padded] = preprocess_for_dft(time_signal,fs);

% Step 3: Perform Discrete Fourier Transform (DFT)
[frequency_vector, psd_norm_amplitude, psd_imu_data, dft_data ] =
normalize_amplitude_dft_and_psd_creation (processed_signal, fs, N_original);

% Step 4: Plot Time-Domain Signal and PSD
figure;

% Subplot 1: Time-Domain Signal
subplot(2,1,1);

plot (T, time_signal, 'b');

xlabel ('Time, (s)');

ylabel ('Amplitude');
title('Time-DomainGaussian Noise Signal');
grid onm;
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% Subplot 2: Power Spectral Density (Logarithmic Scale)

subplot(2,1,2);

loglog(frequency_vector, psd_imu_data, 'r');

xlabel ('Frequency  (Hz) ') ;

ylabel ('PSD,(SI"2/Hz) ');

title('PowerSpectral Density,(PSD)"');

grid on;

% plot windowed and zero padded signal

figure;

plot (time_vector_padded, processed_signal, 'b');

xlabel ('Time, (s)');

ylabel ('Amplitude');

title('Time-Domain Gaussian windowed +,zero padded Noise Signal');

grid om;

% Step 5: Estimate Standard Deviation from PSD

% The variance of the signal can be estimated by integrating the PSD over all frequencies

% first convert the frequency vector to rad/sec

frequency_rad = 2xpixfrequency_vector;

% integrate to find the variance

alt_std_trapez = sqrt(trapz(frequency_rad, psd_norm_amplitude));

% Display Results

fprintf ('OriginalStandard Deviation: %f\n', sigma);

fprintf ('EstimatedStandard Deviation from PSD,(Trapezoidal Integration): %f\n',
alt_std_trapez);

function [processed_signal,windowed_signal, time_vector_padded] = preprocess_for_dft(signal,

sampling_frequency)

% Windowing the signal (using Hamming window as an example)

N = length(signal);

window = hamming(N);

windowed_signal = signal .* window;

N_pad = 2 nextpow2(N);

% Zero-padding to length N_pad

processed_signal = [windowed_signal; zeros(N_pad-N,1)];

time_vector_padded = (0:length(processed_signal)-1) * (1/sampling_frequency);
end

function [frequency_vector, psd_norm_amplitude, psd_imu_data, dft_data ] =

normalize_amplitude_dft_and_psd_creation (imu_data, sampling_frequency, N_original)

% Compute the FFT of the signal
N = N_original;

Y = fft(imu_data);

dft_data = Y;

% Calculate the two-sided spectrum P2 and the single-sided spectrum P1
P2 = (abs(Y)."2)/(N*sampling_frequency) ;

P1 = P2(1:N/2+1);

P1(2:end-1) = 2%P1(2:end-1);

% Compute the power spectral density
psd_imu_data = P1;
frequency_vector = sampling_frequency*(0:(N/2))/N;

% apply normalization of amplitude

% Correct amplitude estimation

% Amplitude correction factor for windowing (Hamming window)

% The correction factor is computed as the inverse of the window's RMS value

correction_factor = sum(hamming(N).~2) / N; 7 Energy correction factor for Hamming
window
psd_norm_amplitude = psd_imu_data*correction_factor;

end
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Figure 1.11: Dual Stage control design diagram by [6]
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Figure 1.12: Sensitivity block diagram by [32]
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[.3. Simulink block simulation diagram, time analysis plots and DEB
frequency response plots
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Figure 1.13: Simulink model utilized to capture the time analysis response to disturbance spectra
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Figure 1.14: Time plots of the output signals from the Simulink model angle analysis
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Figure 1.16: Power Spectral Density resulting from the pointing angle time analysis
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Figure 1.17: Power Spectral Density resulting from the pointing angle-rate time analysis
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Figure 1.18: Power Spectral Density resulting from the pointing angle frequency response
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Figure 1.19: Power Spectral Density resulting from the pointing angle rate frequency response

1.3.1. DEB frequency response verification code

% script to convert data from the simulink model into psd's for evaluation of the system

performance

% angle rate simulink data ! angle has it dedicated matlab and simulink model:

convert_sim_data_to_plots.m

% Note run first loading_tf_models.m to get the transfer functions into simulink and as well

for the DEB analysis
set (groot, 'DefaultAxesFontSize', 32);

set(groot, 'DefaultAxesGridLineWidth', 2.8); set(groot,'DefaultAxesGridLineWidthMode', '

manual')
set (groot, 'DefaultLinelineWidth', 0.8)

close all

load('deb_analysis_angle_rate_files.mat')

% import the general data set into individual vectors
avg_psdl = avg_psd_pitch_rate;

avg_psd2 = avg_psd_roll_rate;

avg_psd3 = avg_psd_yaw_rate;

% Frequency analysis modelling parameters
step_size = 0.05;
sampling_frequency = 200;

% frequency analysis data and parameters

time_vector = out.pitch_angle_rate_out.time;

% get the 4 different output pointing errors
pointing_error_pitch = out.pitch_angle_rate_out.Data;
pointing_error_roll = out.roll_angle_rate_out.Data;
pointing_error_yaw = out.yaw_angle_rate_out.Data;
pointing_error_qpd = out.qpd_angle_outl.Data;

% creation directly of the psd vector

[frequency_vector, y_norm_amplitude, psd_pitch_error, dft_pitch_data ] =
normalize_amplitude_dft_and_psd_creation (pointing_error_pitch, sampling_ frequency,

time_vector) ;

[frequency_vector, y_norm_amplitude, psd_roll_error, dft_roll_data ] =
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normalize_amplitude_dft_and_psd_creation (pointing_error_roll, sampling_frequency,
time_vector);

[frequency_vector, y_norm_amplitude, psd_yaw_error, dft_yaw_data ] =
normalize_amplitude_dft_and_psd_creation (pointing_error_yaw, sampling_frequency,
time_vector);

[frequency_vector, y_norm_amplitude, psd_gpd_error, dft_qpd_data ] =
normalize_amplitude_dft_and_psd_creation (pointing_error_qpd, sampling_frequency,
time_vector);

% convertion of the frequency vector into radians
frequency_rad = 2xpixfrequency_vector;

% feed the same input signal into the DEB of the PPAS

psd_pitch_in = avg_psdil;

psd_roll_in = avg_psd2;

psd_yaw_in = avg_psd3;

% create updated gpd vector:

% Statistical error properties

mean = 0; % Mean of the positional error

std_dev = 8.27E-06; J, Standard deviation of the positional error (square root of the variance
) QPD G6849-01

% sizing properties to macth the original reference signal

num_samples = length(padded_signal); % Number of data points required to obtain an estimate
of the PSD SW function

% Generate simulated positional error data

positional_error = mean + std_dev * randn(l, num_samples);

% convert positional error vector into PSD error vector

[frequency_vector_qpd, y_norm_amplitude, psd_error_data ] =
normalize_amplitude_dft_and_psd_creation (positional_error, sampling_frequency,
padded_signal);

% first the frequency vector needs to be converted into rad/sec

frequency_pad_dist = frequency_padded;

frequency_padded_rad = 2*pi*frequency_padded;

psd_gqpd_in = psd_error_data;

% azimuth response

% frequency response of the total sensitivity function
[S_x_mag_az,S_x_phase, wout] = bode(S_x_az,frequency_padded_rad);
S_x_mag_az = squeeze(S_x_mag_az);

% Convert magnitude to array and square it to get [S(jw)|~2
S_x_mag_squared_az = S_x_mag_az. 2';

% tracking sensor response

% frequency response of the T.S. sensitivity function
[S_x_ts_mag_az,S_x_ts_phase, wout2] = bode(S_x_ts_az,frequency_padded_rad);
S_x_ts_mag_az = squeeze(S_x_ts_mag_az);

% Convert magnitude to array and square it to get [S(jw)|[~2
S_x_ts_mag_squared_az = S_x_ts_mag_az."2';

% elevation response

% frequency response of the total sensitivity function
[S_x_mag_el,S_x_phase, wout] = bode(S_x_el,frequency_padded_rad);
S_x_mag_el = squeeze(S_x_mag_el);

% Convert magnitude to array and square it to get [S(jw)|[~2
S_x_mag_squared_el = S_x_mag_el."2"';

% PSD output of the multiplication between sensitivity function and input PSD
= psd_pitch_in.*S_x_mag_squared_el;

= psd_roll_in.*S_x_mag_squared_el;

= psd_yaw_in.*S_x_mag_squared_az;

psd_qpd_in.*S_x_ts_mag_squared_az;

B W N -
|

% Integrate over the frequency range to find total effect
total_effect_1 = sqrt(trapz(wout, S_y_1));
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total_effect_2 = sqrt(trapz(wout, S_y_2));
total_effect_3 = sqrt(trapz(wout, S_y_3));
total_effect_4 = sqrt(trapz(wout, S_y_4));
total_effect_total = total_effect_1l+total_effect_2+total_effect_3+total_effect_4;

% Display Standard deviations
disp(['\sigma{rms} DEB_ Pitch rate Disturbance: ', num2str(le+6*total_effect_1),' micro-
degrees/sec,' ,num2str (1le+6*(pi/180)*total_effect_1),' micro-rads/sec, ',
num2str (3600*xtotal _effect_1),' arcsec/sec']);
disp(['\sigma{rms} DEB_Roll rate Disturbance: ', num2str(le+6xtotal_effect_2),' micro-degrees
/sec, ' ,num2str (le+6*(pi/180) *total_effect_2),' micro-rads/sec,. ',
num2str (3600*total_effect_2),' jarcsec/sec']);
disp(['\sigma{rms} DEBYaw,rate Disturbance: ', num2str(le+6xtotal_effect_3),' micro-degrees/
sec, ' ,num2str (le+6*(pi/180)*total_effect_3),' micro-rads/sec,',
num2str (3600*xtotal_effect_3),' arcsec/sec']);
disp(['\sigma{rms} DEB,QPD_ Disturbance:,', num2str (le+6*total_effect_4),' micro-degrees/sec,
',num2str (1e+6*(pi/180) *total_effect_4), ' micro-rads/sec, ',
num2str (3600*total _effect_4),' arcsec/sec']);
disp(['\sigma{rms} DEB,total Disturbance: ', num2str(le+6*total_effect_total),' micro-degrees
/sec, ' ,num2str (le+6*(pi/180) *total_effect_total), ' micro-rads/sec, ',
num2str (3600*total_effect_total),' arcsec/sec']);

% % plot with all 4 disturbance sources

% figure;

% loglog(frequency_pad_dist,S_y_1)

% hold on

% loglog(frequency_pad_dist,S_y_2)

% hold on

% loglog(frequency_pad_dist,S_y_3)

% hold on

% loglog(frequency_pad_dist,S_y_4)

% grid on

% legend('Pitch', 'Roll','Yaw','QPD disturbances')

% xlabel('Frequency (Hz)','Interpreter','latex');

% ylabel('Magnitude dB $(degrees/sec) "2/Hz$','Interpreter', 'latex');
% title('PSDs of the frequency response','Interpreter','latex')

% plot with only ship-wave disturbance sources

figure;

loglog(frequency_pad_dist,S_y_1)

hold on

loglog(frequency_pad_dist,S_y_2)

hold on

loglog(frequency_pad_dist,S_y_3)

grid on

legend ('Pitchyrate', 'Roll,rate','Yaw,rate')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude dB,$ (degrees/sec) "2/Hz$', 'Interpreter', 'latex');
title ('PSDs0f the frequency response','Interpreter','latex')

% integration for determining total error in the setup

total_effect_1 = sqrt(trapz(frequency_rad, psd_pitch_error));

total_effect_2 sqrt (trapz (frequency_rad, psd_roll_error));

total_effect_3 sqrt (trapz (frequency_rad, psd_yaw_error));

total_effect_4 = sqrt(trapz(frequency_rad, psd_qpd_error));

total_effect_total = total_effect_1l+total_effect_2+total_effect_3+total_effect_4;

% Display Standard deviations

disp(['time Pitch_ rate error:,', num2str (le+6*total_effect_1),' micro-degrees/sec, ' ,num2str
(le+6*(pi/180)*total_effect_1),' micro-rads/sec, ',
num2str (3600*total_effect_1),' arcsec/sec']);

disp(['time Roll rateyerror:,', num2str(le+6xtotal_effect_2),' micro-degrees/sec,',num2str (1
e+6*(pi/180) *total_effect_2),' micro-rads/sec, ',
num2str (3600*total_effect_2),' jarcsec/sec']);

disp(['time,Yaw rate error:,', num2str(le+6*total_effect_3),' micro-degrees/sec, ' ,num2str(le
+6*(pi/180) *total_effect_3), ' micro-rads/sec, "',
num2str (3600*total _effect_3),' jarcsec/sec']);

disp(['time_ ,QPD,rate error:,', num2str(le+6*xtotal_effect_4),'ymicro-degrees/sec, ' ,num2str(le
+6%(pi/180) *total_effect_4), ' micro-rads/sec, ',
num2str (3600*xtotal _effect_4), ' arcsec/sec']);
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disp(['timetotal rate error:,', num2str(le+6xtotal_effect_total), ' micro-degrees/sec, ',
num2str (1e+6*(pi/180) *total_effect_total),' micro-rads/sec,.',
num2str (3600*total_effect_total),' arcsec/sec']l);

figure;

loglog(frequency_vector, psd_pitch_error)

hold on

loglog(frequency_vector, psd_roll_error)

hold on

loglog(frequency_vector, psd_yaw_error)

grid omn

legend ('Pitchyrate', 'Roll_ rate','Yaw,rate')

xlabel ('Frequency (Hz)','Interpreter', 'latex');

ylabel ('Magnitude dB.,$(degrees/sec) "2/Hz$', 'Interpreter','latex');
title ('PSDs0f the time analysis pointing errors','Interpreter','latex')
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