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Preface

Spacecraft technology in the past six decades has demonstrated applications in remote sensing,
telecommunication, and resource management to name a few. The past 20 years have seen the
growth of CubeSats particularly for constellation based applications. However, the barrier to
entry for players in the space industry is enormous due to the capital required to get to orbit.

Taking advantage of the rapid progress in the commercial electronics industry, the Space
Engineering research group at TU Delft has set a vision to miniaturize spacecraft systems and
sub-systems. It has led to the conception of a new spacecraft standard for the Picosatellite class
called the PocketQube.

This study aims to enable greater access to space by reduction of PocketQube mission cost, the
chief contributor to which is the total launch mass. Through the research conducted, cost
reduction was achieved by minimization of deployment system mass.

Ashvij Narayanan
Delft, May 2022
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Abstract

To enable greater access to space, this study aims to develop a cost-effective PocketQube
Deployment System capable of deploying multiple PocketQubes from various launch vehicles.
Mission cost, of which launch cost is a significant driver, can be reduced by minimizing
deployment system mass. This can be achieved by structural analyses of single and multi pod
configurations using finite element method. A metric called ‘deployer ratio’, defined as the
ratio of payload and deployer mass, is introduced to compare the effectiveness of CubeSat and
PocketQube deployers. From the perspective of deployer mass and mission cost, it was
observed that it is more efficient to launch PocketQubes from a multi pod deployer rather than
a single pod deployer. Although the estimated launch cost for PocketQubes is currently
equivalent to commercial manufacturers, further cost reduction is possible by optimizing the
mass of such a multi pod deployer.
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1.

Introduction

Delft University of Technology has set a vision for miniaturization of spacecraft components
and subsystems. With such a vision comes the challenge of developing new miniaturized
systems and technologies essential for nominal operation of such spacecraft.

Miniaturization of spacecraft bears a massive advantage to the space industry. One such
example is the development of distributed space sensor networks. PocketQube class of
spacecraft have the potential to be industry drivers in enabling inexpensive access to space by
further reducing the required resources. Reduction in capital required for the development of
PocketQubes will result in empowering small scale manufacturers to take part in the spacecraft
development process and facilitate large scale deployment of such PocketQubes. Therefore,
large numbers of PocketQubes can be placed in orbit for a fraction of the cost required by
traditional constellations of artificial spacecraft.

A test bed for the miniaturised systems on a PocketQube is a small spacecraft called Delfi-PQ.
The PocketQube platform is a new concept of standardized spacecraft small enough to fit in an
average sized pocket [1]. A PocketQube is similar to the CubeSat however, it is one step further
reduction in size, volume, and mass. Each PocketQube unit (P unit) is one half of the dimension
of CubeSat unit (50 mm) on each side and thereby one eighth in volume [2].

Technically, a PocketQube is a miniatured satellite where all its subsystems are confined within
a volume of 50 x 50 x 50 mm cube form factor called PocketQube (P) units. Many such
PocketQube (P) units can be stacked in various configurations to make up a single PocketQube
spacecraft similar to the CubeSat (U) units [1]. PocketQubes utilize the progress in
miniaturization of the commercial electronics industry and thus are smaller in size. Therefore,
as a result of this progress, PocketQubes which are smaller in size and mass can replace
CubeSats without a compromise on the quality of the spacecraft mission.

In orbit utilization of standardised small spacecraft such as CubeSats and PocketQubes are
expected to increase exponentially in the coming decade [3]. PocketQubes are envisioned to
be deployed in large numbers similar to the growth of CubeSat constellations in recent years
[4]. Further, with private space companies like SpaceX and Rocket Lab aiming to develop
completely reusable launch vehicles, spacecraft launch costs in the coming decade are expected
to decrease considerably.

Additionally, the development of dedicated kick stages like the Photon module by Rocket Lab
expand the reach of small spacecraft into interplanetary space [5]. Spacecraft constellations
deployed in interplanetary space can have applications related to planetary resource
exploration, low-frequency radio telescopes [6], and emerging swarm technologies.

Similar to CubeSats, the PocketQube standard offers standardization of spacecraft dimensions
and interfaces [2]. With such spacecraft standardization, deployers are designed to
accommodate spacecraft of different sizes that conform to the standard and to be
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interchangeable. Due to these merits, pod based deployer configuration used for deployment
of CubeSats is also the best suited configuration for PocketQubes.

In order to cater to this projected demand of PocketQubes, a necessity arises to develop a
suitable spacecraft deployer, which can deploy large numbers of PocketQube to orbit. In this
study therefore, different configurations of PocketQube deployment system are analyzed to
compare their system performance. Based on the performance of configurations, suitable
design options are explored to minimize launch cost for PocketQubes enabling greater access
to space.

1.1 Research Obijective

“To design a cost-effective, modular PocketQube deployment system capable of deploying
multiple PocketQubes in a mission, and to be able to adapt to different launch vehicles’.

Following the current research available in previous works elaborated in Chapter 2, the
requirement for a PocketQube Deployment System that arises is to be cost-effective, modular,
and able to adapt to different launch vehicles. The research objective therefore is to design a
PocketQube Deployment System that is :

1. Cost-effective as spacecraft launch cost is a significant portion of its overall cost. By
ensuring that the deployment system design is cost-effective, overall cost to orbit for
PocketQubes can be reduced.

2. Modular so as to allow for flexible use of resources. Such a modular system can
incorporate design changes with minimum changes to deployer structure design and is
aimed at procured components.

3. Able to adapt to multiple launch vehicle interfaces. Such a design will not only provide
launch vehicle flexibility, but also be able to choose an economical launch vehicle on
market to reduce total cost.

1.2 Research Questions

The objective of this thesis has been described in detail in the previous section. In order to
achieve the set objectives, some questions have to be researched. They are :

1. What measures are best suited to reduce total cost to orbit for PocketQubes?

2. What is the best suited deployer configuration for deployment of one or more
PocketQubes?

3. What is the best suited system configuration that can be integrated to multiple launch
vehicles?

1.3 Research Methodology

Having defined the objective of research to be conducted in this study, this section details the
methodology followed to achieve the defined objective. Figure 1 shows the work breakdown
structure for this study. The research work conducted in this study will be in 5 phases as shown
in Figure 1.

A literature study shall be conducted to determine current state-of-the-art in spacecraft
deployers. Requirements for the PocketQube deployment system shall be derived from
research objective set previously with an intent to reduce PocketQube mission cost. Deployer
mass for different manufacturers shall be compared and system costs shall be analyzed. System

2



level trade-off studies shall be conducted to choose suitable solutions for the deployment

system.

Following phase 1, launch vehicle loads shall be analyzed to arrive at design loads and stiffness
requirements of the system in Chapter 3. Subsequently, an analysis of the non-structural aspect
of the PocketQube Deployment System (PDS) shall begin in Chapter 4. Non-structural element
design will focus on design of springs, door assembly, pusher plate assembly, guide
mechanism, and pod dimensioning. Further, effect of deployment velocity on separation
distance between spacecraft and launch vehicle shall be analyzed. Following which, system
configurations for single pod and multi pod deployment systems are to be explored.
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Figure 1: Work Breakdown Structure.
The chapter on research introduction is completed. Literature study will be discussed in the

next chapter.

Following the configuration study of systems,
structural analysis shall be performed using finite
element method in Chapter 5. Validation of finite
element methodology shall be realized prior to
the analysis of PDS configurations.

Structural sensitivity analysis shall be performed
to analyze the system sensitivity to different
spacecraft parameters. Parametric study shall be
conducted to determine design variables that
affect system stiffness properties.

Final design of the different configurations of
PDS shall be based on results obtained from
structural analysis. For the final design of single
and multi pod configurations, system mass and
cost is estimated. Further, PDS mass and cost are
to be compared with existing commercial
deployers in Chapter 6.

System prototyping is envisioned to identify
potential design flaws in system design and
integration. Spring characterization testing shall
be conducted to validate spring performance
models and manufacturer specifications in
Chapter 7.

Finally, integration and environmental testing
procedures shall be authored for ease of future
work on PocketQube deployers in Chapter 8.
Lastly, documentation of the thesis work is
completed.



2.

Literature Study

This chapter is focused on the discussion concerning the heritage of PocketQubes, CubeSat
deployers, PocketQube deployers, and release mechanisms used on pod based deployers. The
chapter also details the requirements of PocketQube deployment system, system cost
breakdown, launch cost assessment, and design trade-off studies.

2.1 Heritage Overview

This section will investigate the existing technologies of satellite deployment systems which
have been proven for space applications. Traditionally, for spacecraft ranging between 100 to
6000 kg in mass, deployment has been carried out using clamp bands, Marman clamps and
motorised light band systems as hold down mechanism which are actuated using a pyrotechnic
actuator [7], [8].

Since the development of CubeSats, canister based satellite deployer units are in use. In canister
deployers, spacecraft are held within the deployer envelope (unlike other separation
mechanisms) and are released utilizing the potential energy stored in a compressed mechanical
spring. The spacecraft is set in motion by the use of a release door which itself is actuated using
a release mechanism. During deployment, the spacecraft is guided using rails which ensure low
rotation rates on spacecraft post deployment. This form of deployer design has the advantage
of spacecraft standardization and therefore spacecraft interchangeability.

Since the PocketQube and the PocketQube Standard are a derivative of CubeSats, it is logical
to utilize a canister based deployer solution for PocketQube deployments.

As of July 2021, there have been a total of 13 PocketQubes (PQ) which have been deployed
into Earth orbit. The first four were launched on a Russian launch vehicle onboard the UniSat-
5 spacecraft manufactured by Gauss SRL on 21 November 2013 [9], [10]. The four
PocketQubes were T-LogoQube, $50Sat, QubeScout-S1, and WREN. Of the four
PocketQubes, only two were successful in contacting the ground stations on Earth. Table 1 lists
the details of the PocketQubes launched on UniSat-5 mission.

Out of the four PocketQubes launched in 2013 we can conclude that T-LogoQube and $50Sat
had mission success. T-LogoQube was operational for two months after launch and the reason
for loss of mission is not known. $50Sat was operational for 20 months after launch and its
outage was attributed to a power system failure. Power failure was speculated to be due to low
bus voltage values indicated in the last packets of telemetry received. Hence, a solar panel
failure due to spluttering is thought to be the reason for the outage [9].

A further 6 PQs were launched by Alba Orbital on December 6, 2019 and 3 PQs were launched
in March of 2021 by Gauss SRL. Recently in January 2022, several PQs were deployed on
Transporter 3 rideshare mission [11].



Table 1: Details of first PocketQubes launched [9], [10].

PocketQube T-LogoQube $50Sat QubeScout-S1 WREN
So_noma_l State University of
Developer University and Amateur Maryland STADOKO
Morehead State Developers ) ’ uG
A Baltimore
University
PocketQube Super Fine Sun 4 micro
Payload Magnetometer Technology S Pulsed Plasma
ensor
Demonstrator thrusters
Mass 450 g - 4009 2509
Units 3P 15P 2P 1P
Current Status Inactive Inactive Inactive Inactive
Operational Period 2 months 20 months - None
Loss of power Failed to
Reason for outage Not known due to solar - contact ground
panel spluttering

Several universities and private entities have developed and commercially operated CubeSat
deployers in the past two decades. Some of the frequently used CubeSat deployers are listed

below.
1.

P-POD [12] — The deployer was
developed by California
Polytechnic State University in
collaboration with Stanford
University. It has a capacity of 3U
and has a flight heritage since June
2003. Different versions of P-POD
(MK I, 11 and 111) have successfully
launched more than 50 times and
have deployed 98 CubeSats into
orbit [12], [13].

ISIPOD CubeSat Deployer [14] — This deployer
is developed by ISIS based in Delft,
Netherlands. This deployer can accommodate
any satellite following the CubeSat standard
from 1U up to 16U. The deployer has various
standard capacity of 3U, 6U, 12U and 16U. The
ISIPOD has a flight heritage since 2013 and has
deployed a total of 101 satellites in a single
launch on 15 February 2017. This deployer
system is highly versatile as it has demonstrated
adaptability to different launch vehicles.

Figure 2: P-POD deployer [12].

Figure 3: ISIPOD 3U deployer [14].




3. NanoRacks CubeSat Deployer (NRCSD)
[15] — This deployer is developed by
NanoRacks, USA. It has a maximum
capacity of 6U in a single canister and can
accommodate up to 12U per launch. This
deployer has a fixed orbit of deployment as
spacecraft are deployed from the
International Space Station. However, in
April 2019 NRCSD was used to deploy
Lemur spacecraft on a PSLV launch vehicle

to a polar earth orbit.

4. Canisterized Satellite Dispenser (CSD) [16] —
This deployer is developed by Planetary
System Corporation, USA. Its capacity ranges
from 1U to 12U and has a flight heritage since
September 2013. Since then it has launched
multiple times with a 100 percent success rate.
Itis a highly versatile deployer system as it can
be integrated to the launch vehicle on any of

its faces.

Figure 6 shows the share of launch vehicles that
have been used to deploy CubeSats into orbit. Of
the launch vehicles shown, Dnepr has since been
retired and Minotaur is to be exclusively used to
deploy satellites belonging to United States
Military. From Figure 6, it is evident that Atlas
V, PSLV and Soyuz are the preferred launch
vehicles for CubeSats. However, this study was
conducted in 2018, since then few new launch
vehicles have been attractive for small satellites.
SpaceX with their ride share program and
dedicated small satellite launch vehicles have
become operational since. A detailed analysis on
launch vehicles and associated costs is performed
in Section 2.6.
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Figure 5: CSD 3U deployer [16].
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Figure 6: CubeSat Launchers [3].

Having discussed various CubeSat deployers and their characteristics, it is important to
compare typical deployment velocities for these deployers. Deployment velocity is critical as
it dictates the separation between launch vehicle and deployed spacecraft. Deployment velocity
plays a direct role in defining the mechanical properties of the compression spring used to

energize spacecraft for deployment.




Table 2: Deployment velocity and force of CubeSat Deployers.

Deployment Deployment Sprin
Deployer Type Velgcit{/ (m/s) P F}:)rce (N)p )
NanoRacks CubeSat Deployer [15] 0.5t02.0 -
JAXA Small Satellite ICD [17] 11to 1.7 46.5
Canisterized Satellite Dispenser [18] 0.7t01.6 -
P-POD [13] 2.0 44.4
EXOPOD [19] 1.14t0 1.64 -

Deployment force and velocities for different CubeSat deployers are listed in Table 2. It is seen
from the table that the deployment velocity ranges between 0.5 and 2 m/s. Based on these
values, the required deployment velocity for PocketQubes is set to be 2 m/s.

In this section, different CubeSat deployers are compared to analyze typical launch vehicle
footprints. This study focuses on 12U CubeSat deployers from different manufacturers. 12U is
considered as it is the most common type of multi pod CubeSat deployer in use. Reasoning
behind the usage of 12U CubeSat deployers is discussed in Section 2.7.

Deployer footprints of CubeSat deployers are overlaid one over the other and shown in Figure
1.

EXOPOD 12U - 295.5 x 460 mm
| | CSD 12U - 270 x 400 mm

|| ISIPOD 12U - 260 x 360 mm

Figure 7: Multi pod CubeSat deployer footprint comparison” [19], [16], [14].

Footprint analysis of multi pod CubeSat deployers offers a starting point for the multi pod
PocketQube deployment system. The multi pod CubeSat deployers in use are adaptable to
multiple launch vehicles. Therefore, designing the multi pod PocketQube deployer with a
footprint area similar to these deployers, PocketQube deployer compatibility to various launch
vehicles is ensured.

Having seen various CubeSat deployers and their characteristics, this section investigates
PocketQube deployers currently in operation. In the recent past, there have been three
commercial companies which have developed a deployer intended for PocketQubes, namely,
Gauss SRL, Alba Orbital Ltd, and FOSSA Systems. Gauss SRL have developed a PocketQube
deployment system on a satellite based delivery system. This deployer is an ad-hoc deployer
that was flown onboard the Unitsat-5 spacecraft and followed the MRFOD standard [20].
Satellites listed in Table 1 were all launched from Unisat-5 on 21 November 2013 on a Russian
launch vehicle. However, no further information is available on this deployer.

A Footprint dimensions of ISIPOD inferred using CubeSat standard dimensions.



Alba Orbital Ltd. has developed a PocketQube deployment system WhICh is shown in Figure
8. The deployment system is currently designed for 6P
volume in a pod and to be integrated to the final stage of
a launch vehicle. AlbaPOD having a 6P pod envelope
and a maximum launch capacity of 96P for constellation
deployment is a new direction of development for Alba
Orbital. On 6 December 2019, a single pod deployer
from Alba Orbital successfully deployed 6 PocketQubes
(1P) from Electron launch vehicle [11].

Recently, FOSSA Systems deployed 6 PQs on Transporter 3 rideshare
mission [22]. The deployer has a total envelope of 8P units, with each
pod having 4P volume as shown in Figure 9. The deployment system is
actuated using two doors to deploy 8P unlike the AlbaPOD which uses a
single door for 6P units.

The main difference between the two PocketQube standards (MRFOD
and PocketQube standard) is the physical dimensions of PQ back plate.
In this thesis only the PocketQube standard is considered and hence the
deployer is designed for this standard. Information on PocketQube
standard is provided in Section 2.2

Figure 9: FOSSA PQ eployer [23].

This section focuses on overview of release mechanisms used for actuation in small spacecraft
and canister deployers. Release mechanism is a critical system as it ensures opening of pod
door which in turn actuates the spacecraft held within. Different release mechanisms used in
pod based deployers are listed in Table 3.

Table 3: Release mechanisms used in canister deployers.

Release Mechanism Users
Wire Cutter P-Pod MK 1 [13], ISIPOD [14]
Solenoid Pin Puller | P-Pod Mk Il [12], AlbaPOD [21], FOSSA Systems [23]
DC Brush Motor CSD [16]
SMA Release ISRO Nanosatellites [24]

Wire cutter mechanism is the simplest mechanism of them all. It utilizes a nichrome burn wire
to melt a restraining wire typically made up of a material like nylon [25]. Melting the
restraining wire actuates the mechanism.

Solenoid pin pullers are commercially available release mechanisms qualified for space
applications. The working principle behind the pin puller is that a pin made out of a
ferromagnetic material is enclosed by a tightly wound conductor. Passing current through the
conductor develops a magnetic field around it causing the pin to actuate. A spring load is added
to hold the pin in place when the solenoid is disconnected from the circuit [26].

Shape Memory Alloy (SMA) based release mechanism is similar to the burn wire release. A
heating element causes the SMA made of nitinol to contract in length (negative coefficient of
thermal expansion). This contraction causes the hold down mechanism to release. Once heating
is turned off, the SMA in time reverts back to its state before actuation therefore allowing for
the mechanism to be reused if necessary.



DC brush motor mechanism is actuated electrically by commanding rotation of the motor. All
other mechanisms discussed call for a torsion spring to provide the required energy for door
actuation.

Wire cutter has been extensively used for antenna deployments in CubeSats and has been
proven as a reliable deployment mechanism with hundreds of on orbit deployments [11], [27].
Pin puller is the next commonly used system. Apart from pod based deployers, pin pullers are
used for solar panel deployments in spacecraft [28] and quick release mechanisms in the
defence industry. Pin pullers have demonstrated high reliability with successful deployments
of PocketQubes to orbit.

DC brush motor mechanism has proved to be a reliable mechanism used on the CSD system
by Planetary System Corporation for multiple deployments. SMA based release mechanism is
a novel system, however, with respect to reliability it can be assumed that mechanism reliability
will be similar to wire cutter as the principle of actuation is similar for both mechanisms.

The trade-off analysis for PDS release mechanism is discussed in Section 2.9.

2.2 PocketQube Standard

Having discussed the heritage of standard spacecraft and their deployers, this section details
the standard for PocketQubes. PocketQube class of spacecraft was introduced by Prof. Twiggs
from Morehead State University in 2009. During initial phase of development of PocketQubes
a standard called the MRFOD standard was introduced [29]. First four PocketQubes launched
in 2013 followed the MRFOD standard.

However in 2018, a new standard was introduced for PocketQubes with collaboration from TU
Delft, Alba Orbital Ltd., and GAUSS SRL. The main difference between the two standards are
the physical dimensions of the backplate [30]. Physical dimensions and maximum allowed
mass for spacecraft of different unit sizes according to the PocketQube standard are shown in
Table 4.

Table 4: PocketQube dimensions and mass [2].

PocketQube Ex‘gernal dimensions Sliding backplate Mass
) without backplate . )
Units (P) (mm) dimension (mm) (kg)
1P 50 x 50 x 50 58 x 64 x 1.6 0.25
2P 50x50x 114 58 x 128 x1.6 0.5
3P 50 x50 x 178 58 x 192 x 1.6 0.75

Apart from the physical dimensions and mass properties of PocketQubes mentioned in Table
4, the location of centre of mass is restricted by the standard. For PocketQubes of all unit sizes,
the location of its centre of mass shall not exceed 10 mm from its geometric centre (GC) in
stowed condition (PQ-Mass-04) [2].

2.3 Axis Definition

In this section of the report, axis definition of PocketQube, PocketQube Deployment System
(PDS), and launch vehicles have been described. As PDS need to interface with both
PocketQubes and launch vehicles it will be essential to describe the orientation of the respective
systems for seamless interfacing of components. Based on the axis definition of the



PocketQube Deployment System (PDS) and launch vehicle, respective mounting directions are
discussed in Chapter 4.

r4

The axis definition of PocketQubes is shown in Figure
10. Itis evident from the figure that the backplate of PQ
IS present on its -Y face. It is this face that will be in
contact with the guide mechanism on the PDS. Further,
the separation springs will be mounted on the backplate
facing the -Z face. The direction of deployment for
PocketQubes will be towards +Z face.

Figure 10: PocketQube axis definition [2].

PocketQube Deployment System follows the same
coordinate system as the PocketQube themselves.
The axis definition of the deployment system is
shown in Figure 11. All further description of the
PocketQube Deployment System will adhere to
this coordinate system unless specified otherwise.

Figure 11: PocketQube Deployment System Axis Definition.
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Secondary
Payload
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Figure 12 describes the axis definition of launch vehicles. Terminology is
important because loads for the components mounted on launch vehicle
are described using these axes. Typically for launch vehicles, longitudinal
axis is the axis parallel to velocity vector and lateral axes are the ones
perpendicular to the velocity vector.

PDS will be designed to be integrated onto the launch vehicle on all three
of its axes for modularity. Hence, resultant launch vehicle loads in
longitudinal and lateral axes are considered for PDS design.

Figure 12: Launch Vehicle axis definition.

2.4 PocketQube Deployment System Requirements

In this section the requirements for PocketQube Deployment System are listed and the rationale
behind the requirements are discussed. Defining the requirements of the system at this stage of
the study is important because it dictates the design choices and decisions accordingly. The
requirements are classified into system level requirements and further requirements are derived
from PocketQube standard, launch vehicle and general space environmental considerations.
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System requirements for PocketQube Deployment System are listed in Table 5. Based on the

requirements discussed in Table 5, further requirements are derived based on their origin and
are elaborated upon in following sections.

Table 5: PDS system level requirements.

Requirement . _
Identifier Description Rationale
. _ PDS has to comply with the
PDS-SYS-001 The PDS shall be compliant with

electrical and mechanical

the PocketQube Standard. interfaces as prescribed by the

PocketQube Standard.
: . PDS has to interface with the
PDS-SYS-002 Tr:gupnlgﬁ 32;1:::'2 ergomféﬁgtng'th launch vehicle and has to meet all
9 ' requirements set by it.
PDS has to operate in extreme
The PDS shall be compliant with | pressure, temperature and radiation
PDS-SYS-003 general requirements set for space environments. Therefore PDS
systems.

design has to account for these
environmental constraints.

Requirements for the PDS which are derived from the PocketQube standard are listed in Table
6.

Table 6: PocketQube standard requirements.

Requirement . .
Identifier Description Rationale
The PDS shall accommodate all the de\jer;g dee dpltgyangsg;]% Ztgggein
PDS-PQS-001 | physical dimensions as required by Pockethube which follows thg
the PocketQube Standard. PocketQube standard.
Deployment switches are critical
The PDS shall accommodate all | for power on of PocketQubes. PDS
PDS-PQS-002

electrical interfaces as required by

shall ensure that deployment
the PocketQube Standard.

switches are only turned on after

separation with the deployer.
The least volume of PocketQube '55 ngtpp;:?;;?);ﬁgr?tsé?/gtgnmd
PDS-PQS-003 that the PDS shz;lFl)accommodate is merely to launch a 1P or 2P
' PocketQube.

Requirements for the PDS which are derived from launch vehicle are listed in Table 7.
Table 7: Launch vehicle requirements.

Requirement N .
Identifier Description Rationale
The mechanical and electrical II:; en”s#gfi ;zatr:hz'sa[if er‘%
PDS-LVR-001 | interface of PDS and launch vehicle uncher can physically
. . electrically integrate with each
shall be compatible with each other. other.
No pyrotechnics and hazardous IF; mﬁtgj“:sezeirgnig:?”did Itgatéli
PDS-LVR-002 materials shall be used for the Y Pay
Pock be Deol S and the use of pyrotechnics or any
ocketQube Deployment System. other hazardous materials can pose

11



danger to primary payloads and
other secondary payloads.

The release door/mechanism shall
be able to withstand the launch

It is critical that the door stays
closed during the launch phase of a

PDS-LVR-003 . ! . mission and does not actuate
vehicle dynamic and transient unless triggered by a launch
loads. vehicle command.
The PDS release mechanism shall | puring the separation process there
ensure that no parts coming from may be other payloads which are
PDS-LVR-004 the separation process shall yet to be deployed by the launcher
contaminate the payload or other | and ejected material may damage
payloads. these payloads.
The PDS structure natural
PDS-L VR-005 frequ_encies shall be above the
minimum natural frequency
specified by the launch vehicle.
The PDS structure shall withstand
PDS-LVR-006 the quasi-static loads induced by
the launch vehicle acceleration. The launch loads and the testing
The PDS structure shall withstand | criteria for qualification will be
PDS-LVR-007 the harmonic excitations induced provided by the launch vehicle
by the launch vehicle. (discussed in Chapter 3).
The PDS structure shall withstand
PDS-LVR-008 | the random vibration loads induced
by the launch vehicle.
The PDS structure shall withstand
PDS-LVR-009 the shock loads induced by the
launch vehicle.
It makes the integration of multiple
The PDS outer dimension/footprint | P°d PDS and launcher simple as
PDS-LVR-010 | shall comply with the footprint of a the interface for 12 U/16 U

12 U/16 U CubeSat deployer.

CubeSat deployer can be
accommodated by variety of
launch vehicles.

General requirements for the PDS is described in Table 8.
Table 8: PDS general requirements.

Requirement

Identifier Description Rationale
) _ For a metallic surface, anodization
The choice of material for is recommended in order to avoid
PocketQube guide rail shall ensure cold fusion of material. Sliding
PDS-GEN-001 no jamming of the spacecraft inside contact surfaces must be
the PDS. sufficiently lubricated for easy
movement of PocketQubes.
Typically for satellites in LEO,
The PDS shall be able to withstand tt‘?mpfjfatTuhfe 1anges are a5
PDS-GEN-002 | overall temperature range of —40 °C mentionea. N deployer Mission

to +80 °C.

lifetime will be short and therefore
these temperature ranges will be
sufficient for its purpose.
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For PocketQubes intended for deep
space missions, the deployer will
not be attached to a launch vehicle
but to a spacecraft or a kick stage
which would possess thermal
management systems.

If the deployer encounters any
The deployer’s structural material unintended currents it should
shall prevent spacecraft charging. ensure the spacecraft are isolated

from these runaway events.
The PDS structure has to withstand
loads imposed upon it, however, in
doing so it must also be optimised

PDS-GEN-003

The designed PDS shall not weigh
PDS-GEN-004 | more than 1kg for a PocketQube of

3P. for mass.
Overall cost for the PDS can be
reduced if the system can be reused
with minimum refurbishments.
PDS shall be designed to be With launch vehicles moving
PDS-GEN-005 reusable. towards complete hardware

reusability, PDS design shall
therefore account for this in near
future.

Having defined the requirements for the PocketQube Deployment System, a breakdown of
system cost is discussed in Section 2.5.

2.5 System Cost Breakdown

Cost breakdown for the PocketQube Deployment System is shown in Figure 13. Total system
cost can be broken down into 5 major categories:
Procurement Cost
Manufacturing Cost
Assembly and Integration Cost
Environmental Test Cost
5. Launch Cost
Detailed discussion on overall system cost for the PDS configurations is carried out in Section
6.8.

el N =

PDS Cost Breakdown
Total Cost
Procurement Costs Manufacturing Assem.bl_v % En\'lr})nm?ntal Launch Cost
Cost Integration Cost Testing Cost
Raw Material Cost Machining Cost ety PDS Assembly Cost Pnckel:Qube Launch.\'ehicle
= Treatment Cost - Integration Cost Integration Cost
Machining Labour Machine Running One-Time Cost Assembly Labour
Cost
Cost Cost

Figure 13: PDS Cost Breakdown.
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Procurement Cost: Procurement cost includes all components of the PDS that have to be
procured from external vendors. The items in this list include various springs, release
mechanism, fasteners, and secondary locking solutions. All of the items have a fixed price set
by their respective manufacturers. Procurement costs for different components are shown in
Table 30.

Manufacturing Cost: Manufacturing cost includes cost of raw materials, machining of
components and cost for secondary treatments for material. Machining costs can further be
divided into machine running time cost and machining labour cost. Machine running cost is
the cost incurred due to the machining time of the component and is only dependent on
complexity of manufactured part. Machining labour cost is the cost paid for CNC machine
programming, tool path registry and others. For mass production, machining labour cost are
negligible due to economies of scale. Launch vehicles demand secondary treatments on
metallic components to achieve corrosion and wear resistance. Anodization process also
provide electrical isolation which is necessary for fault isolation in system electronics.

Assembly and Integration Cost: Assembly and integration costs can further be divided into
PDS assembly cost, PocketQube and launch vehicle integration cost. PDS assembly cost has
two components, a one-time investment cost to produce PDS assembly and integration fixtures
for ease of integration and a recurring labour cost for a technician. Further, fit checks and
integration of PocketQubes onto PocketQube Deployment System will incur recurring labour
cost and so do the system assembly onto launch vehicle. Hourly cost for an average mechanical
technician in Delft, The Netherlands is about 21.33 US$ [31]. Methodology involved in
estimating integration cost is discussed in Section 8.3, with estimates found in Table 30.

Environmental Test Cost: It is stipulated that PDS flight models have to undergo system
environmental testing to prove workmanship. These tests include simulating launch vibration
in three mutually perpendicular axes, and thermo-vacuum cycling of the test object. Therefore,
environmental test costs are a recurring cost. Environmental testing cost although recurring
will not vary between CubeSats and PDS as they fall under the same category (nanosatellites)
for these tests. An estimated cost for environmental testing in 2017 for a 3U CubeSat was
around 25,000 € [27], [32], [33]. For further cost budgeting this value will be considered for
environmental testing.

Launch Cost: A detailed overview of launch costs has been discussed in Section 2.6.

2.6 Launch Cost Comparison

Launch cost is a significant percentage of the overall cost of any space system. A trend of
decreasing launch costs has been observed in the recent years driven by partial reusability of
launch vehicles [34]. Although space companies like SpaceX and Rocket Lab are aiming to
further reduce launch costs, it is critical for a space systems designer to optimise their design
to minimize launch cost.

Figure 14 shows the variation of launch cost per kilogram for different launch vehicles. The
cost of small satellite launch vehicles indicated in Figure 14 are projected costs. As of July
2021, two micro-launchers are operational, namely, Rocket Lab’s Electron and Virgin Orbit’s
LauncherOne. It is evident that specific cost of small satellite launch vehicles is on average
higher than other launch vehicles that have high payload capacity. Although Figure 14 provides
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a general estimate of the specific launch cost for a space component, it is hard to average the
launch cost as it is highly dependent on the launch vehicle used to get to orbit.

Launch Cost

S < Small Satellite Launch Vehicles < Other Launch Vehicles
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Figure 14: Specific launch cost for different launch vehicles [34], [35], [36].

In order to normalise the average specific cost to orbit of different launch vehicles, a
normalization factor of launch frequency per year is calculated for currently operational and
popular launch vehicles. Launch frequency is an effective cost normalization tool as it
determines the market price for spacecraft launches based on demand and supply. Average
normalized cost is calculated using Equation (1) where n is the number of launch vehicles
considered.
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Figure 15: Launch frequency of relevant launch vehicles [35], [37].

Figure 15 shows the launch frequency of relevant launch vehicles. Based on Figure 15, Table
39 is generated showing the normalized cost per kilogram for launch hardware. Table 39 has
been updated to 2021 US$ by accounting for inflation, the calculation of which is shown in
Table 38.

As seen in Table 39, the average specific launch cost is just 10,957.71 US$ which is remarkably

low. However, the average normalized cost provides a better estimate on current rates for
launch of space hardware. For further cost analysis in this thesis, a rounded value of 62,000
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US$ per kilogram is considered as specific launch cost based on normalization discussed
above.

2.7 CubeSat Deployer Mass Comparison

Having discussed the characteristics and heritage of CubeSat deployers, it is important to
classify them based on their mass. Mass of deployer is chosen as a comparison parameter
considering it drives spacecraft launch cost as discussed in Section 2.6. Deployment system as
any space bound component shall consider minimizing its mass during the design process.
Further, the launch cost of a deployment system is projected onto the spacecraft mission cost
and having high launch cost will restrict low cost access to space which is detrimental to the
objective of this study.
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Figure 16: Mass comparison between CubeSat deployers [13], [14], [16], [38].

In order to characterize the deployers based on mass and compare deployment systems from
different manufacturers, a term called deployer ratio is introduced in this study. Deployer ratio
is calculated using Equation (2).

Payload Mass
)

The distribution of deployer ratio along payload mass for different CubeSat deployers is
graphically represented in Figure 16. High deployer ratio is preferred for deployers as it
indicates a deployer that is optimized for system mass which minimizes its launch cost. It is
also noticed in Figure 16 that maxwell deployers from Rocket Labs have higher deployer ratio
compared to other CubeSat deployer manufacturers. This trend was traced to the use of Carbon
Fibre Reinforced Polymers (CFRP) as the structure material of this deployer whereas, other
deployers utilized aluminium alloy. Discussion on the choice of material for PDS structure is
carried out in Section 2.8.

Depl Ratio =
eployer Rato Deployer Mass

From Figure 16 it is observed that for the same manufacturer, with an increase in payload
capacity deployer ratio increases. Hence, from a mass perspective it is optimum to deploy
CubeSats from a multiple pod deployer. Therefore, in order to deploy large numbers of
PocketQubes it is logical to use a deployer with high payload capacity rather than multiple
deployers with lower capacity. Hence, a multiple pod deployer is preferred over a single pod
deployer for large spacecraft deployment numbers.
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2.8 Material Selection

In this section a comparative analysis is conducted to select suitable materials for use on the
PDS structural components. The considerations for the choice of materials are listed below.

1. Sufficient strength and stiffness to
withstand launch environment and
qualification tests (PDS-LVR-005 to
PDS-LVR-009).

2. Low density to reduce structure mass
(PDS-GEN-004).

3. Retention of mechanical properties over
the operation range of PDS (PDS-GEN-
002).

4. Not degrade or de-gas in vacuum
conditions. [ .

5. High corrosion resistance, non-toxic and J )
easy to handle. A

Elastic modulus, E (GPa)

Having  enumerated the  considerations AR
underlying the choice of materials for the PDS, | | [ o
a graphical representation of material stiffness ) Density, p g/c) “

of common materials is shown in Figure 17. el M messdesen - fed
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Figure 17: Ashby chart for commonly used materials [39].

Further, material properties of a few materials that meet the considerations are shown in Figure
18. Stiffness and strength are critical properties of a material, as system stiffness greatly
determines its dynamic characteristics and material strength determines the maximum load a
material can withstand without adverse effects.

From a space bound system perspective, material stiffness properties would take precedence
over strength for the design to meet launch vehicle natural frequency requirement. Purely from
this perspective it would be ideal to manufacture PDS structure from Beryllium. However,
other considerations have to be had before choosing a suitable material and a design trade-off
analysis is conducted to choose a satisfying material for the structural design of the PDS.

The criteria chosen for material trade-off in the order of priority are Material Density, Strength,
Stiffness, Raw Material and Manufacturing Cost, and Secondary Considerations. Material
density defines system mass which affects launch cost as discussed previously. By choosing a
material with low density, PQ mission cost is reduced. Hence, material density has the highest
weightage of 30%.

Material strength and stiffness are important properties which determine the system response
to external loading conditions. It is critical for the PDS structure to be made of a stiff material
to limit deformation due to launch vehicle dynamic loading and it has a score of 25%. Material
strength of structure defines if the PDS withstands the launch forces without permanent
deformation and it is desirable that strength be as high as possible. It has a weightage of 20%.
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Figure 18: Material strength and stiffness compared with density [40], [41], [42], [43], [44].B

Raw material and manufacturing cost of the chosen material include the cost for raw materials
and all costs in the process of converting the raw material to final structural components that
are ready for integration. It accounts for machinability, secondary treatments for metals and
fibre layup, setting of binding material for composites. For composite materials it also accounts
for initial capital investment required for the manufacturing of composites. Raw material and
manufacturing cost therefore has a weightage of 17.5%. Weightage of manufacturing cost is
just 17.5% because PDS manufacturing cost is only fraction of total system cost details of
which can be found in Section 6.8.

Further, considerations that are specific to certain materials are taken into account under
secondary considerations. Secondary consideration has a weightage of 7.5%. Material selection
trade-off is shown in Table 9. The material strength, stiffness and density property scores in

the trade-off table are normalized values shown in Figure 18 for the different materials.
Table 9: Material selection trade-off.

Material Options

o Weight Stainless — - . .
Criteria (%) Steel Titanium | Aluminium | Beryllium | Magnesium CFRP FR-4
Material Density 30 55 85 90
Material Stiffness 25 66 50 60
Material Strength 20 90 50 75
Raw Material and
Manufacturing Cost 17.5 50 50 80
Secondary
Considerations i 90 9% 90 60 90
Total Score | 100 | 625 | 63.25 | 67 [58.23

Legend

Highly Desirable Less Desirable
% |

The property scores for the raw material and manufacturing cost for steel, aluminium and FR-
4 are high as they are extensively used in various engineering applications due to low material
cost. Titanium has a score of 50 as it is an expensive metal to source and its machining costs
are high.

B Composite material properties (FR-4, CFRP) are along fibre orientation.
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Similarly for beryllium, raw material cost is high and further precautions have to be taken
during machining to avoid dispersion of small particles. Hence it is given a score of 30.
Although magnesium is readily available, it costs more than steel and aluminium. Magnesium
alloys are hard to work with [45] and increase machining costs which gives it a score of 50.

CFRP has a low score of 10 as manufacturing costs are high. Further, manufacturing of CFRP
composites require specialized tooling and machining. The investment cost into processes and
machines required for manufacturing CFRP is high compared to machining of metals. This is
due to the fact that general infrastructure is currently present to machine blocks of metal to
design requirements and not for composite manufacturing.

Further, structural elements made of CFRP composites are highly specialized for the specific
part. Different layers of carbon fibres have to be oriented along the expected stress directions
to strengthen the part in those directions. Therefore, to manufacture these parts either highly
specialized machinery is required or fibres have to be laid by hand (increasing labour cost).
Both these methods increase costs significantly.

Secondary considerations are other considerations that are specific to beryllium and
magnesium alloys. Beryllium can be toxic to humans when small particles are inhaled [46],
[47]. Considering this health risk, beryllium alloys score 20. Machining magnesium is tricky
because at high temperatures it can spontaneously ignite with oxygen present in air. Therefore,
machining tool speeds must be low and dry machining has to be avoided at all costs to prevent
accidental fires [48], [49]. Hence magnesium alloys score 60.

Based on material selection trade-off shown in Table 9, it is seen that aluminium alloys would
be the best suited material to manufacture the PDS structure. Aluminium is chosen as it
optimises density, material strength, material stiffness and cost.

2.9 Release Mechanism Selection

With the overview of release mechanisms used on small satellites and their deployers discussed
in Section 2.1.6, a trade-off analysis of release mechanisms is conducted to select a suitable
mechanism for the PDS. The criteria for release mechanism trade-off study are mechanism
mass, system manufacturing and integration, reusability, component heritage, and handling
concerns.

Pneumatic actuation is considered for the trade-off study as in recent years there is a drive
towards reusable launch vehicles. Pneumatic based actuation system can be actuated multiple
times based on the feed system used. For this study, a pneumatic system based on thermal
decomposition of Sodium Azide is considered. This mechanism can be made low mass by
eliminating the requirement for pressurized fluid storage system by instantaneous gas
generation.

DC brush motor discussed in Section 2.1.6 is not considered for this study for its lengthy door
actuation time and high mechanism mass. Considering number of deployments to be made for
the multiple pod deployer, the deployment time is critical to reduce overall time to deploy all
the PocketQubes during a mission. Details of time delay between multi pod deployments is
discussed in Section 6.3.3.
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Table 10: Release mechanism trade-off.

Release Mechanism Options
o Weight Burn Sole_nmd Shape Pneumatic
Criteria ) Pin Memory .
(%) Wire Actuation
Puller Alloy
Mechanism Mass 30 90 80 70
System Manufa(_:turmg o5 75 90 80
and Integration
Reusability 20 80 100 100
Component Heritage 15 95 80 80
Handling Concerns 10 100 100 100
Total Score | 100 | 8 | 885 83
Legend

Highly Desirable Less Desirable

Of the chosen criteria, mechanism mass has the highest weightage of 30. Mechanism mass is
important as it contributes to the total mass of the PDS. The chosen mechanism will be used
for multiple deployments on the multiple pod deployer. Hence, it is critical that mechanism
mass be as low as possible to ensure low total mass.

Burn wire is the lightest of the mechanisms closely followed by pin puller and they have a
score of 90 and 80 respectively. SMA and pneumatic actuation currently have high mass,
however, a customized design is a possibility to obtain lower mechanism mass. Hence, they
have a score of 70 and 60 respectively.

System manufacturing and integration is another critical criterion for the release mechanism.
This criterion has weightage of 25 and evaluates the ease with which the release mechanism
can be manufactured, integrated with PDS and tested for qualification. The restraining wire
required by the burn wire mechanism needs to be replaced with every door actuation increasing
its testing time and cost giving it a score of 70.

Pin puller scores 90 as it is an off the shelf component and can easily be integrated to the
system. SMA mechanism scores 80 as its string length needs to be calibrated increasing its
integration time. For the pneumatic actuation mechanism, a feed system is required to contain
the generated gas and make it do work on a moving member to create the required actuation.
Hence, due to the complications implementing this system, it has a score of 50.

PDS is designed based on the current trend of reusability of launch vehicles in mind. In the
near future, with reusable launch vehicle upper stages becoming a reality, the possibility of
reusing the PocketQube deployment system is high. Therefore, the release mechanism used on
the PDS has to accommaodate this requirement and the reusability criterion measures how easily
a release mechanism can be reused. Reusability can reduce life cycle cost of PDS and has a
weightage of 20%.

The pin puller and the SMA release mechanisms score high as they can be reused with
minimum refurbishments required (pin needs to be reset for pin puller using a resetting tool)
[28]. For burn wire, the restraining wire needs to be replaced and mechanism needs to be
mechanically loaded (to maintain contact of burn and restraining wires) and shut. For
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pneumatic actuation, Sodium Azide charge has to be replaced. This can be stored in a cartridge
style container for easy replacement and to be in contact with heating element. For these
reasons burn wire and pneumatic mechanism scores 80.

Component heritage for the release mechanism is considered as it is a single point of failure
for the PDS mission objective. Heritage scores are based on total number of successful
actuations that have taken place in on-orbit conditions and has a weightage of 15%. Most
CubeSat deployers use a burn wire mechanism for actuation of door. Further, solar panel and
antenna deployments in CubeSats also employ burn wire mechanism. Hence it has a score of
95.

Pin puller and SMA mechanisms have been proved to work in on-orbit conditions. However,
the number of deployments are not as numerous as the burn wire mechanism. Hence, each have
a score of 80. The pneumatic actuation system needs to be adapted for use on PDS and the
system needs to be tested for on-orbit qualification. It has a score of 50.

Handling concerns has the least weightage of 10% as it is a secondary consideration for
handling potentially toxic substances. Sodium Azide which is required for low mass design of
pneumatic system is toxic. It requires additional safety precautions and handling expertise [50].

2.10 Pod Configuration Study

In Section 2.1.5 it was discussed that pod volume for the two operational PocketQube deployers
vary (6P for AlbaPOD and 4P for FOSSA systems). The objective of the study was to reduce
deployment system resource for identical volume of payload to be deployed. Hence, pod
configuration study was conducted to figure out the optimum payload volume per pod of the
PDS.

The total amount of PocketQube units to be deployed under this study was considered to be 6P
units. The reason was that developing a PocketQube deployer that has a payload volume of just
3P units would be expensive in terms of structure mass and therefore drive up PQ mission cost
(PDS-PQS-003).

Further, for this study a preliminary pod structure was considered. The structure dimensioning
was according to Figure 56, considering a deployable volume of 10 mm on all faces. Two
configurations were selected for the study to obtain a comparative understanding between
them. The multiple door configuration considered deployment volume of 3P per pod with two
pods required for deploying total of 6P payload. Single door configuration considered a
deployment volume of 6P per pod with all 6P units housed within a single pod.

For the two configurations a trade-off study was conducted to find a suitable option for the
optimum utilization of deployment system. The criteria considered for pod configuration trade-
off study were mass, compactness, ease of integration and testing, and deployment reliability.

Configuration mass is the criterion with highest weight as it defines the deployment system
mass and launch cost. Based on preliminary structure design, for aluminium alloy, about 300
grams was saved for single door configuration compared to multiple door (17,112 € per pod
saved in launch cost). Hence single door configuration has a score of 80 while multiple door
configuration has a score of 50.
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For secondary payloads on launch vehicles, the area available for integration with the launch
vehicle is limited. It is important to design the deployment system such that it occupies
minimum launch vehicle surface area for a given payload volume. Provided the launch vehicle
mass budget is closed, such a design will offer additional payload capacity within the same
mission, hence lowering cost. Compactness is a criterion that accounts for this surface area and
has 25% weight. Single door configuration scores 80 while multiple door configuration scores
60 as it would require double the surface area than the single door configuration.

Ease of integration and testing criterion accounts for time required for integration and testing
activities for the two configurations. This criterion has a weightage of 20% as reducing time
for integration and testing reduces the total cost by lowering labour costs. Multiple door
configuration employs additional door assembly, release mechanism, pusher plate assembly,
and main spring to deploy same amount of payload. It also requires electronic circuitry to
stagger door deployment to avoid PocketQube collision. Therefore, multiple door
configuration scores 50 and single door configuration scores 60.

Reliability is another criterion considered for comparing the configurations. A single point of
failure which can cause total loss of PDS mission objective is the release mechanism. While
reliability of the release mechanisms is discussed in Section 2.1.6, this criterion quantifies the
probable chance of failure due to non-actuation of door assembly for a configuration as a
whole. The criterion has a low weightage of 15%.

Single door configuration scores 70 while the multiple door configuration scores 60. For the
single door configuration, the reason for a score of 70 is that if actuation fails, all PocketQubes
in the pod (6P) will fail to deploy. For multiple door configuration, due to there being two
doors to deploy same PocketQube volume, the probability of failure increases as two release
events are needed giving it a score of 60.

Reliability of space systems is hard to quantify without conducting system testing for orbit
conditions. Therefore, comparison of pod configurations on this criterion can only be roughly

estimated by analyzing the engineering design of each pod configuration.
Table 11: Pod configuration trade-off.

Pod Configuration Options

Criteria Weight (%) Multiple Door | Single Door
Configuration | Configuration

Configuration Mass 40
Compactness 25
Ease of Integration & Testing 20
Reliability 15 60 | 70
Total Score 100 [ENSENNNNTTs T

Legend

Highly Less
Desirable Desirable

Based on the pod configuration trade-off analysis it is apparent that the single door
configuration has considerable benefits. For all further discussions in this thesis, the deployable
volume per pod is taken to be 6P units capable of deploying 1.5 kg of spacecraft.
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Figure 19 shows the various possible combinations of PocketQubes units that can be
accommodated in the deployer envelope. It is to be noted that such an arrangement allows for
PQ’s of lower mass to be higher in the deployer envelope. The reasoning behind this decision
will be discussed in detail in Section 6.1.

Deployer Envelope Combinations
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Figure 19: Possible combinations of PocketQubes in deployer.
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3.

Launch
Environment

The chapter is dedicated to the discussion on the environment experienced by PocketQube
deployment system during its launch phase. An overview on launch vehicle terminology is
followed by description of different types of static and dynamic excitations.

For launch vehicle loads which are described, the resultant magnitude in lateral and
longitudinal axes are considered as PDS is designed irrespective of its orientation of mounting
on launch vehicle. Based on the determined launch vehicle loads, design loads and system
frequency requirements are arrived at.

3.1 Terminology

Preceding the discussion on the various types of loads that a launch vehicle induces on its
payload(s), it is important to understand the terms that define these loads and their amplitude
levels. Depending on the loading profile of a specific launch vehicle, environment test levels
are specified for payloads after considering safety margins. In order to understand these
environmental test levels, we have to define the individual hardware on which the tests are to
be performed. The different hardware on which environmental testing is conducted are
prototype, protoflight, and flight hardware.

Prototype hardware is built to evaluate the design, manufacturing processes, and to discover
potential design or production flaws. Such discoveries help rectify problems in future hardware
versions. The prototype is typically subjected to the design qualification test program.

Flight hardware is the hardware used operationally in space. It is given higher level of care
during handling and other ground operations compared to prototypes. It is to be noted that the
flight hardware must not be over tested during the testing process [51]. Protoflight hardware is
a subset of flight hardware for a new design, which is subjected to a qualification program that
combine elements of prototype and flight hardware testing. A protoflight hardware is produced
when the decision is taken to skip prototyping a new design, and flight hardware is
manufactured in place of the prototype.

Qualification tests are the tests intended to demonstrate that the system under testing will
function within the defined performance specifications under conditions more severe than
expected during its life cycle. It is conducted to evaluate the system design and to uncover
deficiencies in design and method of manufacturing. Acceptance tests are testes to demonstrate
that the system is acceptable for flight. Typically the test levels for acceptance tests are
significantly lower than qualification levels.
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With a purpose to streamline the test process and to prevent over testing of space systems,
NASA has defined the terminology for space system testing [51]. These design test terms are
enumerated below.

1. Prototype Qualification

2. Flight Acceptance

3. Protoflight Qualification

Of the three system testing methods mentioned above, it is to be noted that two (prototype and
protoflight) tests are intended to be qualification tests and acceptance test is proposed to be
carried out on all hardware intended for flight.

1. Prototype Qualification: It is a level of environmental testing with which a specific
design is subjected to conditions much severe than the system will encounter during its
life cycle. The reasoning for such a test is to uncover potential flaws in design and
manufacturing. Care must be taken to ensure qualification testing does not exceed
design margins or introduce unrealistic modes of failure. A design is said to be qualified
if the system functions within specifications when subjected to qualification testing.

2. Elight Acceptance: It is the verification process that demonstrates that the hardware is
acceptable for flight. It serves as a quality control screening to detect defects or
deficiencies that generally occur due to production.

3. Protoflight Qualification: Such a level of qualification is a hybrid testing scenario
involving qualification and acceptance testing elements. A protoflight qualification test
level will involve the application of qualification test levels for flight acceptance test
durations. Protoflight qualification testing is carried out on a new design which is
intended for flight hence qualifying the design and also accepting the hardware to be
flight worthy.

As PocketQube Deployment System is a new design, a prototype test philosophy will be
utilized for its design. Based on these test conditions, design loads will be generated to evaluate
the design of PDS.

3.2 Launch Vehicle Loads

Payload of a launch vehicle experiences different types of structural loads. These loads are
dependent on launch vehicle structure design, launch vehicle type, the phase of flight and
factors which are external to the launch vehicle. The source of these loads can be due to various
launch vehicle operation phenomena or interactions between the launch vehicle and its
environment.

The structural loads encountered by a payload that is mounted on a launch vehicle can be
classified into 5 main categories. These are listed below:

1. Quasi-Static Acceleration

2. Sinusoidal Vibrations

3. Random Vibrations

4. Acoustic Excitations

5. Shock
The different launch vehicle load types will be discussed in the following sections in detail
while highlighting sources of specific loads and the levels to which these occur in specific
launch vehicles.
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Acceleration loads are frequency independent loads experienced by the launch vehicle
structure and its payloads. These loads generally occur due to the operation of rocket engines
which are responsible for the launch vehicle ascent. The value of these loads depend on the
type of launch vehicle, specific mission profile, and the ascent phase.

Acceleration loads depend on the type of launch vehicle as different launch vehicles use
different types of engines in their vehicle design. The phase of flight is also a variable for the
acceleration loads, as different launch vehicle stages produce variable levels of thrust. Further,
mission profile is also a contributor for the acceleration loads as it dictates the rate of ascent of
the launch vehicle. Atmospheric density of planet earth is maximum at sea level (where most
launch sites are located) and decreases with increase in altitude. As a result, initial thrust levels
need to be optimum to reduce structural loading.

Typical acceleration profile of a launch vehicle is shown in Figure 20.
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Figure 20: Acceleration Profile of Apollo 17 (left) and STS 121 mission [52].

Based on the acceleration profile of the launch vehicle, a maximum acceleration level is
specified for the payloads by the launch vehicle manufacturer. It is to be observed from Figure
20, the acceleration levels of Space Shuttle and Saturn V launch vehicles do not exceed a
magnitude of 4g (1g = 9.81 m/s?) as these launch vehicles are human rated. However, there are
launch vehicles which have higher acceleration levels, and a few launch vehicle levels are
tabulated in Table 12. It is to be noted that the launch vehicles specified in Table 12 are ones

which frequently transport small spacecraft and payloads.
Table 12: Acceleration loads of various launch vehicles [53], [54], [55], [56] , [57].

Quasi-Static Acceleration
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Sinusoidal vibration is a cyclic structural vibration experienced by the launch vehicle which
can be expressed mathematically as a sinusoidal load. Various sources of harmonic vibrations
are rocket engine chamber pressure oscillations [58], transient loads from thrust excitation [59],
pogo oscillations, and propellant sloshing in liquid stages.

The amplitude of the sinusoidal vibrations depend on the launch vehicle design and the type of
staging the launch vehicle (LV) uses. Generally, the harmonic excitations are expressed as
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frequency dependant acceleration with the convention specifying the maximum amplitude at a
particular frequency.

Chamber pressure oscillation is a cyclic phenomenon where the pressure levels in the rocket
engine combustion chamber vary with time. The cause of chamber pressure oscillations can be
attributed to combustion instabilities. Combustion chamber pressure oscillations will result in
the rocket engine thrust variation [60]. These thrust variations will introduce structural
excitations which have the same frequency as the pressure oscillations in the combustion
chamber.

Transient loads from thrust excitation are short duration dynamic loads which are induced by
the ignition and shutdown of rocket engines. Due to these transient effects internal stresses are
developed on the launch vehicle structure which are then transmitted to its payloads.

Pogo is a type of low frequency thrust oscillation predominantly in the longitudinal direction
of the launch vehicle. It is caused when pressure oscillation in propellant tanks passes through
the feed systems and transforms to combustion pressure oscillations [61]. This can cause a
positive feedback loop and amplification which leads to undesired acceleration loads. Pogo
excitation can occur only in liquid stages and can be rectified using pogo correctors in the feed
system.

Propellant sloshing is another source of low frequency oscillation which predominantly occurs
in low gravity environments. Once the rocket engine is shutdown, due to its resident inertia,
propellants stored in the tanks can slosh around [62], [63]. This phenomenon occurs during
stage separation events and after final stage engine shutdown [64]. It can cause cyclic loading
of the launch vehicle structure inducing a dynamic loading environment.

Based on all these factors and in flight measurements, the launch vehicle manufacturer provides
maximum sinusoidal acceleration levels for their launch vehicles. Some of the launch vehicle
dynamic acceleration levels for small payloads are listed in Table 35 and plotted in Figure 21.
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Figure 21: Launch Vehicle Sinusoidal Vibration [53], [54], [55], [56], [65].

Random vibrations are random in nature. The true magnitude of such vibration is not known
at a given time. However, magnitude of random excitations are expressed in statistical terms
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such as mean value, standard deviation, and probability of occurrence. The different sources
of such vibrations on a launch vehicle structure are acoustic noise during lift off, aerodynamic-
structural response and wind excitations.

Acoustic noise during launch vehicle lift off occurs near the launch pad as the rocket engine
exhaust gases are reflected from the pad infrastructure back onto the vehicle [66], [67].
Generally, launch pads are equipped with acoustic suppression systems however, they do not
eliminate structural excitations. During the atmospheric phase of flight, aerodynamic loads are
applied on the vehicle structure. The cause of these aerodynamic response loadings are
attributed to turbulent boundary layer excitation, separated flows, wake flows, and shock waves
[66]. Other sources of random vibrations are due to atmospheric winds and gusts the launcher
experiences during its atmospheric phase of flight.
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Figure 22: Random vibrations of different launch vehicles® [17], [51], [53], [54], [57]. [55], [56].

Random excitations of launch vehicle are usually described in terms of Power Spectral Density
(PSD) function. A PSD function is a measure of energy at a particular frequency. Therefore, a
PSD of random vibrations describe the energy of excitation at a particular frequency onto the
structure. Launch vehicle manufacturers specify the PSD of their launch vehicles by measuring
the random accelerations the launch vehicle experiences during developmental flights. The
time domain random acceleration data is converted to frequency domain by Fourier
transformation. Additional margin is added to the frequency domain data and converted to a
PSD curve for the payload qualification.

Table 36 and Figure 22 describe the random vibration levels for relevant launch vehicles.

€ Qualification levels for system with mass less than 22.7 kg. Correction factor to be applied for mass above 22.7
kg.
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Acoustic interactions affect the structures on a launch vehicle which have large surface area
and low mass. Due to the acoustic environment close to the launch pad and during initial ascent
phase of flight, acoustic interactions can excite elements like payload fairings, solar panels and
large antennas.

Acoustic derived structural excitations are not relevant for the PocketQube Deployment
System. For small satellites mounted on a launch vehicle, acoustic excitations will be observed
as random structural excitations due to launch vehicle structural response to these loads. Hence,
acoustic loads for small components are accounted for in random input PSD [66].

Shock loads are transient loads having very high amplitude and short duration. Generally in
launch vehicles, the events that bring about shock excitations are during lift off, stage
separation and other pyrotechnic device actuations. Shock response spectrum for launch
vehicles is shown in Figure 23.
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Figure 23: Shock Response Spectrum [53], [54], [57], [55], [56].

3.3 Natural Frequency Requirement

Having discussed the various types of static and dynamic loads that are introduced on a system
due to the launch vehicle, it is important for PDS to avoid resonance due to dynamic coupling
with the launch vehicle. Resonance in any component will lead to amplification of loads and
therefore increasing its deformation which, further can lead to structural failure.

Steinberg’s octave rule is the design guideline for minimising resonance caused as a result of
dynamic system coupling [68]. It states that ‘Natural frequency of chassis must be at least one
octave of the natural frequency of the component’. For the case of PDS, chassis would be the
launch vehicle and the component being the deployment system. Based on this principle and
considering other factors like payload mounting location and component size, generally, launch
vehicles specify the lowest natural frequency of a component. Table 13 lists the natural
frequency requirements for small satellites and their deployers. Based on values described it
was chosen that the PDS minimum natural frequency shall be greater than 135 Hz to meet
launch vehicle requirements.
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Table 13: Natural Frequency Requirement.

Standard Natural Frequency Requirement (Hz)
QB-50 [55] > 90
JAXA Small Satellite ICD [17] > 100
Vega-C [54] >115
P-POD [13] > 120
PSLV [69] > 135

3.4 Design Loads

Having discussed the various types of loads exerted by the launch vehicles on its payloads in
Section 3.2, in this section we evaluate the design loads based on the launch vehicle factors
and recommended factors of safety for space systems. Table 14 shows the recommended
factors of safety for different types of launch vehicle loads by NASA for spacecraft structures.

Table 14: NASA recommended flight hardware design factors of safety [51].

Load Type Factor of Safety
Quasi-Static (Acceleration) 1.25
Sinusoidal Vibration 1.25
Random Vibration® 1.6 / +3dB
Shock 1.4

Based on Table 14, Factor of Safety (FOS) for different structural loads, the structural analysis
input load levels are arrived at. An exception is present for the factor of safety considered for
random vibrations. The FOS mentioned for random vibration in Table 14 is based on flight
acceptance levels. An FOS of 1.6 is only applied if testing is carried out at less than +3dB of
acceptance limit levels. For random vibration analysis, qualification levels specified in NASA
environmental standard (GSFC-STD-7000A) is +3 dB higher than flight acceptance levels
[51]. Therefore, for structural analysis, random qualification levels are considered and no
further FOS is added to it. Additionally, peak system response to random load input will be
evaluated as 3o value with a confidence level of 99.7 %.

Having seen the safety factors for the different load types, the design loads are described in
Table 37 based on Table 12, Figure 21, Figure 22 and Table 14. Considering that the PDS
qualification is intended regardless of its orientation with respect to launch vehicle mounting,
peak loads are applied to the PDS during structural analysis in all three perpendicular
directions. Detailed description of structural analysis is carried out in Chapter 5.

With the description of design loads, current chapter on launch vehicle environment is
concluded. System design, structural analysis, and system testing are discussed in future
chapters.

P Safety factor based on Flight Acceptance Levels.
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4.

System Design

The chapter will detail the design of PocketQube Deployment System. This chapter will focus
on the design of component systems such as springs, door assembly, pusher plate assembly,
and guide mechanism used on the deployment system.

Design of structural elements of PDS will be detailed in the following chapter, however,
different system configurations for single and multi pod deployment systems are discussed
here.

4.1 Pin Puller Selection

In this section, a market analysis is conducted on commercially available pin puller
mechanisms which satisfy PDS requirements. Based on a trade-off study on release mechanism
detailed in Section 2.9, the design choice for a pin puller based release mechanism was arrived
at.

Pin pullers considered for the PDS are shown in Table 15. Considerations behind the market
survey were pin puller mass and electrical actuation redundancy. Electrical redundancy is
provided by utilizing two independent isolated current paths to command pin puller actuation.
Electrical circuit redundancy is preferred in order to ensure that multiple actuation methods are
possible using isolated electrical circuits. As discussed previously, failure of release
mechanism would lead to PDS mission failure. Electrical redundancy is one of the ways of risk
mitigation in this regard [70]. Hence, electrical actuation circuit redundancy was a prerequisite
for pin puller market analysis.

Of the pin pullers mentioned in Table 15, pin puller from Tini Aerospace and from D Cubed
have been used on the AlbaPOD and on FOSSA Systems PQ deployer respectively. Pin puller
costs are not readily available from the manufacturers due to customer specific customizations.
However for cost analysis of PDS which is discussed in Section 6.8, 5000 € is considered as

unit price of pin puller mechanism based on price quote from one of the manufacturers.
Table 15: Pin puller details [71], [72], [73], [74].

Manufacturer Tini Glen Air D Cubed Arguimea
Part No. P5 061-013-190 | nD3PP | PPLL.012.V2.XX
Mass (9) 30 145.8 25 55

Non Actuating
Shear Force (N)

Pin puller mass was the other factor considered to choose a suitable pin puller. Of the four
eligible candidates, pin pullers from Glen Air and Arquimea were discarded due to high system
mass. Pin puller mass for the remaining two pin pullers were similar, however, ability to
withstand side load for pin puller manufactured by Tini Aerospace was far greater than one
manufactured by D Cubed. Therefore, Tini Aerospace pin puller with part number P5 was
chosen for the PDS release mechanism. However, side loads experienced by the pin puller pin

444.8 1467 50 1800
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will be estimated by structural analysis in Chapter 5 to ensure loads are within acceptable
limits.

4.2 Aluminium Alloy Selection

In previous sections of this report, a comparative study was conducted to evaluate a suitable
material for PDS structural components. The conclusion from the study was that aluminium
alloy is best suited for structural components. Details of this study is found in Section 2.7.

Desirable properties for the choice of aluminium alloy are high specific stiffness, high
resistance to corrosion and low cost. Strength and corrosion properties of aluminium are highly
dependent on combination of alloying elements used. Alloy strength is a parameter which is
used to specify the alloy selection for deployer structural components (similar stiffness). The
choice of suitable alloys will be based on structural analysis stress results. Aluminium alloy
with high yield strength such as Al-2024 and Al-7075 would be preferred for components
which are expected to encounter high member stress when subjected to launch vehicle loads.

Due to proximity of typical launch sites to coastal areas, corrosion in metals would be
accelerated. Aluminium alloys such as Al-2024-T3, Al-7075-T6 and Al-7079-T6 are highly
susceptible to stress corrosion cracking in the short transverse direction [75]. Therefore,
corrosion protection measures such as anodizing, cladding, and painting are a necessity.
Anodization of metallic surfaces is the common treatment method used in the aerospace
industry to mitigate corrosion [76].

Anodization of aluminium alloy increases its surface hardness, corrosion and wear resistance
[77]. Properties of the anodized layer is strongly affected by morphology, chemical
composition and crystalline structure of the oxide generated, which depend on the electrolyte
type, concentration and current density used during the anodizing process [78]. Anodizing
process is classified based on thickness of oxide layer generated on the surface. Anodizing of
aluminium alloys must be carried out in accordance to European Space Agency (ESA)
standards (ECSS-Q-ST-70-03C).
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Figure 24: Aluminium alloy yield strength [42].F
In this section, aluminium alloys commonly used for spacecraft engineering applications are
considered. Aluminium alloy types considered for Table 40 and Table 41 are based on

European Space Agency’s material standard which have high resistance to stress corrosion
cracking (ECSS-Q-ST-70-36C) [79].

E Mechanical properties are dependent on tempering (heat treatment) process.
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Alloy strength for different aluminium alloys is shown in Figure 24 with mechanical properties
listed in Table 41. Raw material cost comparison between the different alloy types were highly
dependent on raw material block dimensions and did not yield appreciable results. In order to
compare an individual part was considered for manufacturing with different alloys. It was
observed that for cost did not substantially vary between the chosen alloys™ [80].

The choice of aluminium alloy used for different components of deployment system will be
based on the stresses experienced by the individual members. Details of which will be
discussed in Chapter 5. Alloy selection for different components of the deployment system is
listed in in Table 55 and Table 56.

4.3 Springs

This section is dedicated to arriving at suitable spring specifications for the different springs
used on the PocketQube Deployment System. Springs are the preferred form of storing
potential energy which is required for various deployments present on the deployment system.

The main spring for PocketQube deployment, the torsion spring for door deployment and the
separation springs for PocketQube separation are discussed. Verification models are developed
for spring performance estimation to provide confidence in obtained results. Estimation
performance is evaluated based on system characterization and testing in Chapter 7.

Having established the requirement for PocketQube deployment velocity based on CubeSat
heritage in Section 2.1.3, this section is dedicated to determining a suitable mechanism to
provide the required deployment energy. Few mechanisms are introduced, their merits and
drawbacks are discussed before choosing a suitable mechanism.

1. Electromagnetic_Rail : This mechanism is based on linear induction motion
technology. Based on Maxwell’s equations on electromagnetism, a set of linear
conducting coils will provide an accelerating force to a pusher mechanism made of a
ferromagnetic material. This force can be utilised to provide required acceleration for
PocketQube deployment.

Such a system would require energy storage devices like capacitors to build up and
rapidly discharge during the spacecraft deployment process. Power electronics and
switching circuits would also be required to ensure optimum use of system.

The advantage of the principle behind this mechanism is that the deployment velocity
of PocketQubes can be controlled to great accuracy using a feedback mechanism.
Further, the system can be tuned based on the PQ mass to be accelerated. The drawback
of this system is that it does not meet Electromagnetic Compatibility (EMC)
requirements set for space systems [81]. Further, such a system would likely interfere
with instruments like magnetometers and magnetic torquers on PocketQubes.

Due to this limitation, an alternative method is required which would store energy in a
passive mechanism. A mechanical spring would be such a system which stores its
potential energy due to material elasticity. Mechanical springs are of different types and
the ones suitable for PQ deployment application is discussed further.

F Considering manufacturing and secondary treatment.
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2. Flat-Wire Wave Spring : Such a spring is similar
to conventional spring in principle. However, the
design of such a spring uses a flattened coil which is
wound in a wave pattern to provide the necessary
spring stiffness as shown in Figure 25. The main
advantage of such a spring is that it offers excellent
force to compression length ratio. For the same
force, compressed length of such a spring is lower
when compared to compression spring. Such springs
also offer higher force linearity across its working
range.

Figure 25: Flat-Wire Wave Spring [82].

However, such a spring does not offer large stroke length which is required for PQ
deployment (about 400 mm). This drawback can be mitigated by spring stacking which
defeats the purpose of using this variety of spring.

3. Spiral Spring : A spiral spring offers the advantage of constant force over its stroke
length. Typical spiral springs can be found in measuring tapes which retract using this
mechanism. Most designs utilize a spiral spring to provide a constant force during
compression (coil retraction). However, a spring which
provides force during extension is required for PQ
deployment.

A possible alternative is to use spiral compression spring / //A\ \ \
and invert its action. This complicates the deployment Oc\

system design by requiring a spring hold-down near the L\ \U//

door assembly. Such a hold-down mechanism could

interfere with PocketQube appendage volume during the

spacecraft deployment process. Owing to this drawback,
a conventional compression spring is preferred.

Figure 26: Spiral Spring [83].

4. Compression Spring : This spring is a conventional coil wound in helical form. Force

exerted by such a spring will be proportional to its deflection from rest position. Due to

non-linear stiffness characteristics of helical springs at the beginning and end of their

stroke, it is standard practice to exclusively utilize middle 80% of a compression
spring’s travel [84].

With force variation along spring length, total velocity imparted to PocketQube needs to be
calculated using an estimator. Discussion on such an estimator is carried out in the next section.

The requirement of the PocketQube Deployment System is to deploy PocketQubes once in
desired orbit. Having seen the typical deployment velocities for CubeSats in Table 2, the
requirement was set to design the deployment system such that the PocketQubes deployment
velocity will have a magnitude of 2 meters per second. The discussion on deployment velocity
was conducted in Section 2.1.3.

Having set the deployment velocity, the spring force required to impart the desired deployment
velocity needs to be calculated. The required stroke length of the spring is equal to the length
of two PocketQubes of size 3P (384 mm). Applying Equations (3),(4) of motion on the Spring-
PocketQube system an estimate for required spring force can be calculated. Where, apq is the
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acceleration of PocketQubes, mstack is total mass of PQ in pod, Fums is the main spring force, s
is the stroke length, uwms, and vms are the initial and final velocity of main spring during
deployment.

Fys

ap = (3)
¢ Mstack

Vhs = Uhis +2apg S (4)
However, one aspect for consideration during the calculation of deployment velocity is that the
force exerted by the spring is dependent on its position. During the spring stroke, spring force
exerted decreases linearly. Therefore, any calculation of velocity using equations of motion
cannot be obtained as the acceleration varies with force and in turn on spring stroke.

Vi, =vi+2a;dx (5)
In order to calculate velocity of deployment the force exerted by the spring is discretized along
its stroke length and the velocity is calculated using by numerical integration. Equation (5) is
the first-order discretized version of Equation (4) where, vi, a; are the velocity and acceleration
at i iteration respectively, and dx is the discretized length. It was found that a discretized
length of 1x102 meters was optimal to minimize error and computation time.

The deployment velocity model described by Equation (5) needs to be validated in order to
ensure any further analysis of deployment velocity carried out would be accurate. The two
independent ways employed for validating the deployment velocity model are energy and
momentum balance checks.

System Energy variaiton along Spring Stroke

Total Energy
—Spring Potential Energy
— Imparted Kinetic Energy |

Energy (J)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Stroke (m)

Figure 27: Main spring energy variation along its stroke.
Energy Balance: Potential energy of spring is given by Equation (6) where, Ep is spring
potential energy, X is the deflection measured from rest position, and kwms is spring constant of
main spring.

1
EP =§ kMS x2 (6)

Kinetic energy imparted on the PocketQubes due to spring action is given by Equation (7)
where, Ex is kinetic energy and v is the velocity of PocketQubes.

1
Ex = 2 Mstack v? (7)

Total energy in the system is given by Equation (8).
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E = EK + EP (8)
Total energy of the Spring-PocketQube system must be invariable along the stroke length of
the spring. This is shown in Figure 27.

Momentum Balance: Momentum change in Spring-PocketQube system at start and end points
of spring stroke will be conserved. General equation for change in momentum is given in
Equation (9).

AFt =Amv 9)
We know that force exerted by the spring changes along its stroke. Therefore, an equivalence
term called Equivalent Force (Feq) is introduced in this study which is given by Equation (10)
where, vdep IS the velocity of PocketQubes after deployment, and teep is time taken for
PocketQube deployment.

vdep
Feq = Mstack t_ (10)
dep

Since force exerted by the spring is its intrinsic property, equivalent force must also be solely
dependent on the spring. Therefore, equivalent force must be invariable with PocketQube mass
in pod. In order to verify the deployment velocity model, PocketQube mass is varied and its
effect on equivalent force is analyzed. Hence, if equivalent force does not vary with
PocketQube mass in pod, the model is considered to be validated.

Spring Model Validation

Equivalent Force (N)

8
0.6 0.8 1 1.2 14 1.6 1.8 2
PocketQube Mass per Pod (kg)

Figure 28: Equivalent force invariance to PocketQube mass.

Equivalent force invariance is shown in Figure 28. The deployment velocity model is
considered validated by the invariance of total energy and equivalent force.

Based on considerations of deployment velocity of 2 m/s and calculations using deployment
velocity model, a specification for the main spring was arrived at and is listed in Table 42.
These specifications were forwarded to a spring manufacturer and a custom spring was ordered
from Tevema B.V [85]. Custom spring was chosen to minimize spring compressed length.
Minimizing the compressed length has to main advantages. They are:

1. Reduced structure mass as total length of pod is decreased.

2. Lowering of system centre of mass in +Z direction.
Implications of centre of mass of pod is discussed in Chapter 5 and Section 6.1. Impact of
system mass on launch cost was discussed in Section 2.6.

36



Main spring drawing is shown in Figure 125. Based on manufacturer defined tolerance for
stroke length and spring force, a window of operation for the main spring is generated and is
shown in Figure 29.

Acceleration and velocity imparted to the PocketQubes along stroke length due to the action
of main spring is shown in Figure 30. Nominal spring performance is assumed, PQ mass of 1.5
kg (based on pod capacity of 6P), and a stroke length of 390 mm is considered for this analysis.
Deployment velocity achieved is equal to 2.1149 m/s and time to deploy PocketQubes is 0.2937
seconds.

Operation Window of Main Spring Specified by Manufacturer

16 — Upper Tolerance Limit
—Lower Tolerance Limit
; Area of Possible Operation
14 S e 2
Nominal Spring Performance

Spring Force (N)
e}

0 50 100 150 200 250 300 350 400 450 500
Spring Length (mm)

Figure 29: Operation window of Main Spring [85].

In Figure 30.1, PQ velocity increases steadily until the end of spring stroke is achieved.
However, close to 75% of the deployment velocity is achieved in the first 25% of spring stroke.
Figure 30.2 depicts the variation of acceleration with time as the spacecraft acceleration
variation with stroke would be a straight line. Maximum acceleration experienced by
PocketQubes is 10.1 m/s? and at the beginning of deployment.

25 Variation of Velocity along Stroke Length 12Variation of Spacecraft Acceleration with Time
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Figure 30: Velocity and acceleration imparted on spacecraft along stroke.
The previous analysis is expanded to calculate the variation of deployment velocity and time
accounting for the tolerance specification of main spring. PQ mass and stroke length remain
unchanged and are 1.5 kg and 390 mm respectively. The results of this analysis is tabulated in
Table 16 and inferred from Figure 32.
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Equivalent force changes for different tolerance limits as the spring performance (spring
constant) varies and performance is lowest for lower limit. Deployment velocity of
PocketQubes for lower limit tolerance is close to intended 2 m/s.

Table 16: Deployment characteristics based on spring tolerance.

. Deployment Deployment Time Equivalent Force
Tolerance Window Velocity (m/s) (<) (N)
Nominal 2.1149 0.2937 10.8025
Upper Limit 2.2331 0.2821 11.87398
Lower Limit 1.9911 0.3068 9.734844
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Figure 31: Deployment velocity and time variation with spacecraft mass.

For nominal spring performance, variation of deployment velocity and time with varying total
PocketQube mass in pod is shown in Figure 31. Total PQ mass in pod is varied from 0.75 to 2
kg and the trendline is captured. As expected with an increase in PQ mass, deployment velocity
decreases and time to deploy increases.

Further, this analysis can be extended to estimate deployment velocity when spring
performance is not nominal and thus accounting for variation in spring tolerance. Deployment
velocity range for varying PQ mass and spring performance is shown in Figure 32.
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Figure 32: Deployment velocity uncertainty due to spring tolerance.
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All estimations discussed above assume that the PocketQube load on main spring is constant
during the spring stroke. However, once the PocketQube is completely out of the deployer pod,
PQ mass on main spring decreases. The reduction in mass (load on spring) will be equal to the
mass of spacecraft deployed. As different PocketQubes have different mass, the reduction in
load will be based on the size of PocketQube deployed. Spacecraft size and mass information
can be accessed from Section 2.2.

6 Deployment Velocity accounting deployed Spacecraft
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Figure 33: Deployment velocity accounting deployed spacecratft.

Spacecraft velocity imparted when considering load reduction due to deployment is shown in
Figure 33. Of the 7 pod combinations shown in Figure 19, only 3 combinations are discussed
here. The three combinations considered have equal size PocketQubes in pod, namely, 6x1P,
3x2P, and 2x3P. Spacecraft deployment velocities when pod is populated with PocketQubes
of different sizes will be discussed in Section 6.1.

Deployment velocities based on order of PocketQubes in pod are listed in Table 43. Minimum
value of spacecraft deployment velocity in Table 43 is 1.088 m/s which corresponds to the 1%
PocketQube to be separated in 6 x 1P pod combination. Accounting for spring performance
lower limit, deployment velocity for this PocketQube decreases to 1.046 m/s. The implication
of deployment velocity on separation distance will be discussed in Section 4.8.

It is also evident from Figure 33 that the deployment velocity of PocketQube is not only
dependant on size of PocketQube but also on the location of the spacecraft in pod. Detailed
discussion on order of PocketQube in pod can be found in Section 6.1.

As stated in Section 2.10, each pod of PDS will ensure a total PocketQube deployment volume
of 6P units. However, due to eventualities some of the PocketQubes allotted for a given pod
might be absent during final integration and a replacement spacecraft might be hard to find
before PDS integration onto launch vehicle. In the given case, there would be two options for
the PDS based on the type of launch vehicle used [69].

1. Consider a dummy mass replacement in place of the missing PocketQubes.

2. Consider launching remaining PocketQubes without the missing ones.

If case one is chosen, the performance of the Spring-PocketQube system would not vary,
however, if case two is chosen, there would be a change in PocketQube deployment velocity.
Deployment velocity changes due to the change in spring force as a result of change in main
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spring compressed length (due to missing PQ). Table 17 lists the change in stroke length,
deployment velocity, and time considering different numbers of PQ units are removed from
pod.

Table 17: Practical consideration for PDS.

PocketQubes | Stroke Length PQ Mass Deployment Deployment
Removed (P) (mm) (kg) Velocity (m/s) Time (s)

0 390 15 2.1149 0.2937

1 326 1.25 1.9813 0.2631

2 262 1 1.8385 0.2292

3 198 0.75 1.6849 0.1906

4 134 0.5 1.5190 0.1449

5 70 0.25 1.3474 0.0872

Table 17 considers nominal spring performance and variation of deployment velocity with PQs
removed is shown in Figure 34 considering spring tolerance.

In Figure 34 when zero P units are removed, the deployment velocity range is equal to range
shown in Figure 32. The deployment velocity steadily decreases as more P units are removed
as the maximum force of the main spring decreases with an increase in its compressed length.
For the case when 5Ps are removed, deployment velocity does not fall below 1.15 m/s. The
minimum PocketQube deployment velocity is within range of CubeSat deployment velocity
shown in Table 2.

24 Deployment Velocity for varied PDS stroke & loading
- Deployment Velocity Range
= Nominal Deployment Velocity

Deployment Velocity (m/s)
+
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Figure 34: Deployment velocity variation for PQs removed from pod.

Although the deployment velocity decline is not significant enough to warrant a change in
spring specification, a review is required to assess how practical it is to launch a single PQ of
1P in a pod dedicated for deploying total of 6P units.

In all of the previous analysis of Spring-PocketQube system, friction effect between the
PocketQube backplates and the deployer rails are ignored. In this section, an analysis is carried
out to quantify the effect of friction between the PocketQube and PDS. As the backplates are
to be manufactured with either FR-4 or aluminium alloy, for this analysis aluminium is
considered as the backplate material as coefficient of friction is higher for aluminium [86],
[87].
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For anodized Al-6082 alloy with no lubricant, static coefficient of friction is 0.8 [88], and a
maximum and average value of 0.5 and 0.79 respectively for 6061-T651 alloy [89]. For 7075
alloy, the coefficient of friction depends on the sealing solution used in the anodization process
and the largest value for friction coefficient was found to be 0.8 for potassium dichromate
solution [77]. Further, Kinetic friction coefficient for anodized aluminium 7075-T6 alloy ranges
from 0 to 0.5 [90]. Therefore for this analysis, static friction coefficient is taken to be 0.8 and
kinetic friction coefficient as 0.5.

Additionally, due to engineering considerations, mainly centreline mounting error of main
spring (within a radius of 5 mm), the normal force for friction is considered to be a maximum
of 10% of spring force. Friction force is given by Equation (11) where F, is the friction force,
u is the coefficient of friction, N is the normal force, and P, the ratio of normal force and spring
force.

F,=puxN= .u*(PpLFMS) (11)

P, is varied from 1 to 10 percent and its effect on deployment velocity is analyzed. PQ mass of
1.5 kg (6P in pod), stroke length of 390 mm is considered. Figure 35 shows the influence of
friction on deployment velocity and system energy for a P, value of 10%. For this case, energy
lost due to friction between PocketQubes and rails is around 4.9% of the total system energy
and decrease in deployment velocity is negligible. Deployment velocity drops from 2.1149 to
2.006 m/s for 20% P, which is double than the assumed worst case scenario.
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Figure 35: Deployment velocity and system energy variation accounting friction.

Further, the analysis is expanded to account for variability of PQ mass in pod. Figure 36.1
shows PocketQube deployment velocity for varying friction conditions. For better
understanding of the effect of friction, Figure 36.2 is generated overlaying Figure 36.1 on
Figure 32. From Figure 36.2 it is evident that the variability of spring force has a greater effect
on PocketQube deployment velocity than friction effects.

It can be concluded from this analysis that even though friction adversely affects PQ
deployment velocity, the absolute magnitude drop in deployment velocity is negligible and is
accounted for in the deployment velocity margins taken. However, a PQ deployment test in
microgravity conditions would be necessary to estimate average friction force contribution
during the deployment process.
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Figure 36: Effect of friction on deployment velocity.

Torsion spring is the component that provides the required force to open the PDS door. It is
essential to ensure that during the deployment of PocketQubes, there is no interference between
the door and the PocketQubes. The initial acceleration of the PocketQubes due to main spring
in Section 4.3.4 is 10.1 m/s2. Therefore, to avoid interference, door acceleration must be greater
than 11 m/s2. Further, for the analysis, mass of the door assembly is taken to be 90 grams based
on CAD. The door is allowed to rotate to 110° from its locked position, 20° angular separation
is given to ensure that there is no interference with PocketQubes.

Based on these parameters, the force needed to be exerted on the door to avoid interference is
calculated using Equation (12) where, Frs is torsion spring force, mq is mass of door assembly,
and agq is linear acceleration of door.
Frs =mgaq (12)

Initial torque demanded by the door assembly is given by Equation (13) where, Tts is torque
provided by torsion spring, dcom is the distance between door rotation axis and door Centre of
Mass (CoM).

Trs = Frs dcom (13)
From CAD geometry in Section 4.4, door has a mass of 90 grams and distance between door
rotation axis and door Centre of Mass (CoM) is 54 mm. Based on the required acceleration of
door greater than 11 m/s?, a torque value of 0.0535 Nm is to be provided by the torsion spring.
A set of torsion springs are selected with their specification listed in Table 44 which apply a
torque of 0.0592 Nm in stowed condition.

Relation between angular acceleration of door and torsion spring torque is given by Equation
(14) where, ag is door angular acceleration, Ig is moment of inertia of door and given by
Equation (15).

Trs =1Iq aq (14)

Iy = mgdZoy (15)
Angular velocity imparted to the door due to the application of torsion spring torque is given
by Equation (16) where, mdi, gt is initial and final angular velocity of door and 0 is the angular
deflection of door.

wir=wi+2a,0 (16)
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Force exerted by the torsion spring is proportional to its angular defection from its rest position.
Therefore, angular acceleration experienced by door will vary along its rotation. Similar to
deployment velocity analysis in Section 4.3.4 force exerted by torsion spring is discretized
along rotation of torsion spring and angular velocity is found by numerical integration using
Equation (17).
wh, =w! +2a;do (7)

It was found that a discretized angle (d6) of 1x107* radians was optimal to minimize error and
computation time. Having calculated the angular velocity, the time required for door actuation
can be easily computed.

The model is verified by checking energy balance of the system. Potential energy of torsion
spring is given by Equation (18).
1

EP = E kTS 02 (18)

Kinetic energy imparted on door assembly due to torsion spring torque is given by Equation
(19).

1
Ex =5 Iq w? (19)
Total energy in the system is given by Equation (20).

Total energy must be invariable along the rotation of torsion spring. This is shown in Figure
37 and model is validated. It is to be noted that the spring rest position is when door is at 90°
rotation, hence the torsion spring potential energy drops to zero beyond this position.
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Figure 37: Torsion spring energy variation along its rotation.

Having validated the torsion spring model we can analyze the angular velocity variation with
rotation angle of the door as well as the time taken for door rotation. Figure 38 shows the
angular velocity and time varied with door rotation angle. It is seen in Figure 38 that the angular
velocity steadily increases with the door rotation until about 85°, after which it remains
constant. The time required for door to complete rotation of 90° is 0.12 seconds and for 110°
is 0.146 seconds.
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Ogariation of Angular Velocity along Door Rotation Door Rotation vs Time
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Figure 38: Door angular velocity and time variation with rotation.

Further, the analysis tool is used to quantify the door deployment time variation with door
mass. For this study time required for 90° and 110° rotations are plotted against door mass in
Figure 39. 90° rotation is critical because after the door rotates to 90°, there will be minimum

chance of collision between door and deploying PocketQubes.
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Figure 39: Door deployment time variation with its mass.

A separation spring is required to ensure separation between PocketQubes which are deployed
using the same pod [91]. Separation springs would be in contact with neighbouring PocketQube
backplate and be compressed once integrated into the deployment system [2]. Upon actuation
of release door and ejection of spacecraft, separation springs would provide necessary force to

impart separation between successive spacecraft.

Separation Spring recommended by California Polytechnique for use on CubeSats must have

specifications as follows [91], [92]:
¢ Initial Force - 0.9 pounds (4 Newtons)
e Final Force - 0.14 pounds (0.62 Newtons)
e Spring Travel - 4 millimetres (Minimum of 2 millimetres)
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e Material - Stainless Steel
Based on the above specifications, JAXA has custom developed a separation spring with part
number 251D939002-1 [93].

A component manufactured by C&K switches with part number KSU213WLFG can be suitable
as a PocketQube separation spring. Specifications of this part is given below.

e Force-0.7+05N

e Spring Travel - 1.5+ 0.2 mm

Similar to main compression spring as discussed in Section 4.3.4, an analysis can be conducted
to evaluate performance of separation spring. Additionally, PocketQube and CubeSat
separation springs are compared to verify if the selected component provides required
separation velocity. By analyzing the tolerance extremities, the designer can be assured that
separation spring will function satisfactorily within its window of operation.

Spacecraft mass for this analysis was considered to be 1.33 kilogram/U and 250 gram/P based
on the CubeSat and PocketQube standards [92], [2]. As the standard documents require 2
separation springs per satellite, the respective force values are doubled for the analysis (no
imbalance between springs). Further, as stroke length is significantly lesser than that of main
spring, for numerical integration, stroke length was discretized to 1x10®° meters to provide
sufficient accuracy in predicting separation velocity. It is to be noted that CubeSat Design
Specification document does not specify the requirement of a separation spring on 3U
CubeSats, however, for this analysis, it is considered to employ separation springs.
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Figure 40: Separation Velocity Comparison between CubeSat and PocketQube.
The result of this analysis is shown in Figure 40, it is apparent that there is considerable overlap
in separation velocity ranges of CubeSat and PocketQube. The nominal, minimum and
maximum separation velocities of PocketQubes is marginally higher than respective CubeSats.
Therefore, it can be concluded that performance of the selected separation spring with part
number KSU213WLFG is satisfactory and use of this spring can be authorized with confidence.

Having seen the various characteristics of springs required by the PocketQube Deployment
System, following sections are dedicated to mechanical design of parts and assemblies for the
PDS.
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4.4 Door Assembly

Door assembly plays a vital role within the PocketQube Deployment System. The role of this
assembly is to ensure that PocketQubes are enclosed within the pod during launch phase of a
mission. Once in orbit, the door assembly would be actuated from stowed to deployed position
using pin puller. Deployment of the door assembly will set the PocketQubes in motion due to

main spring action.

Figure 41: Door assembly with exploded view.

Components of door assembly are shown in Figure 41 with stowed and deployed views in
Figure 42. Mass of the assembly was about 90 grams, with its centre of mass at a distance of
54 mm from torsion spring rotation axis. Design consideration for the different parts
comprising the door assembly are discussed in detail below.

Figure 42: Door assembly in stowed and deployed conditions.

Door Top and Bottom: Door Top is the main component of the door assembly. It is to this
part that hinge 1, door bracket, and door retainer mechanism are mounted along with the bottom
door. Its length along Y axis is 80 mm and X axis is 70 mm (single pod). Ribs required for
door stiffness were placed on this part as Pin Puller mass is mounted on it through the door

bracket.

Figure 43: Door Top.

Figure 43 shows isometric view of door top
showing the ribs. Two slots are placed for the
torsion spring legs and a cut-out is provided for
door retainer pin translation. For the first
iteration only one rib running along Y axis of
PDS was used with 2 fasteners joining it to door
bottom. However upon analyzing modal
interactions, the rib running along X axis was
added and number of fasteners was increased to
5. The rib is 5 mm wide and 4 mm in height.
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Door Bottom part has its dimensions equal to door top. It
has countersunk holes for the 5 fasteners and 2 cut-outs for
push back mechanism. Door bottom is shown in Figure 44.

Figure 44: Door Bottom.

Door Bracket: It is the part on which Pin Puller is mounted on. This part itself is mounted
onto Door Top using 2 fasteners.

Pin puller is mounted in the orientation as shown in Figure 41
(Pin axis parallel to Y axis). If Pin Puller is mounted in such a
way that pin is parallel to Z axis, the pod dimension along Y
axis has to be increased by 16.5 mm to accommodate for
PocketQube appendage volume. That would be undesirable as
it will increase the mass by needing additional structural
stiffening elements. Hence, door bracket is designed to mount
the Pin Puller. Three boss of height 3 mm are given for Pin
Puller mounting fastener threads.

Figure 45: Door Bracket.
Hinge 1 and Hinge 2:

Hinge 1 and 2 are shown in Figure 46. Hinge 1 attaches to door top
on one end and on the other has a M3 clearance hole for
accommodating a fastener which doubles as torsion spring spindle.
This fastener attaches hinge 1 to hinge 2.

Hinge 2 has threaded interface to accommodate the M3 spindle attaching to
both hinges. It attaches to PDS structure on the other end. Door retainer is
attached to hinge 2.

Figure 46: Hinge 1 and 2.

Having seen the basic components and their functions for the door assembly, we discuss the
design of specialized mechanisms and their functions. The function of the door retainer
mechanism is to restrict any rebound motion once the door has reached its deployed position.
This bounce back motion has to be restricted to avoid collision of door with PocketQubes
exiting the pod. The components of this mechanism include door retainer plate, retainer pin,
and a retainer spring.
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Door Retainer Plate:

Door retainer plate has two functions. One function of this
plate is to act as an anchor for the two torsion springs used to
provide necessary energy for door deployment. The other
function is to provide the necessary gap between itself and
PDS structure to allow the door retainer pin to slot into
position and restrict the bounce back of door assembly.

Figure 47: Door retainer plate.

Door_Retainer Pin: It is the critical component that ensures the door assembly once
completely actuated, does not rotate back towards the
pod. This ensures the door assembly locking in place
after complete actuation. End of the retainer pin is
chamfered to allow for easy rotation of the door during
deployment.

The top is extended for ease of access during assembly
of door and locking of door assembly to PDS
structure. The retainer pin is spring loaded, and the
Figure 48: Door Retainer Pin. spring will be extended during the door deployment
sequence allowing the door assembly to lock in place.

The diameter of retainer pin is calculated taking into account stress expected to develop during
said actuation. In order to calculate the stress on retainer pin, we need to calculate the door
stopping force. Stopping force is given by Equation (21) where, Fs is the stopping force, ds the
stopping distance, and Ek kinetic energy imparted to door.
Ry =X @)
ds

Energy imparted to door at end of rotation from Figure 37 is equal to 0.0467 J. Stopping
distance is assumed to be 0.1 mm. As the impact is parallel to cross-sectional area of retainer
pin, impact results in shear stress within the member. For a pin diameter of 2 mm the stress
developed in retainer pin due to impact will be equal to 148.6 MPa.

Shear yield strength considering VVon-Misses criterion is given by Equation (22) where, ty and
oy are the shear yield and tensile yield strength of material.

7, =0.577 g, (22)
Considering Von-Misses criterion for shear failure, impact stress is well below shear yield
strength for aluminium 7075 alloy. Hence retainer pin is to be manufactured using 7075
aluminium alloy.

Door_Retainer_Spring: This spring is attached to the door retainer pin. It provides the
necessary force for the displacement of the door retainer pin during the door actuation. The
spring is attached to the rib on door top at one end and the retainer pin on the other. The
specifications for the door retainer spring is provided in Table 45.

The function of the push back mechanism is to provide a counteracting force to restrict the
movement of PocketQubes within the rail. In order to ensure PocketQubes are accommodated
within the pod dimensions, clearance is provided in Z direction along rail. Description of this
clearance is discussed in Section 4.6.1.
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There is a possibility of oscillation of the main spring-PocketQube(s) system when the
spacecraft are enclosed within the pod. This oscillation will be amplified if the launch vehicle
loading will coincide with PQ Z axis. The spring mass system oscillation has to be avoided for
two main reasons. Oscillating mass can amplify the launch vehicle loads which can cause
additional structural loading, leading to increased chance of system failure. Oscillation can lead
to wear of PocketQube backplate due to frictional forces arising from contact with guide rail.
Wear would not be a concern for PocketQubes with metal backplates. However, for
PocketQubes which utilise FR-4 backplate, delamination due to friction wear is a concern
which needs further addressing.

Push back mechanism comprises of two elements i.e., a push back spring and a push back
holder.

Push Back Spring: The specification for the push back spring is described in Table 46. By
ensuring that the force balance is greater on the push back mechanism (compared to main
spring) designer can ensure that the oscillation will be negligible if any.

Force is transferred from push back spring to PocketQube backplate by push back holder. Push
back holder has a length of 7.5 mm measured from the door bottom and can compress by 3 mm
due to push back spring stroke. Two numbers of push back spring and holders are present in
the door assembly. The 3 mm clearance would provide the required clearance if PocketQube
backplate dimensions exceed 384 mm (6P) in Z direction.

The next section of this study details the design of pusher plate mechanism.

4.5 Pusher Plate Assembly

Pusher plate assembly is an important subsystem of the PDS. The assembly has three main
functions.
1. Transfer force exerted by the main spring onto PocketQube through its backplate.
2. Reduce friction between itself and guide mechanism to ensure minimum frictional loss
during PocketQube deployment.
3. Withstand quasi-static forces as a result of launch vehicle acceleration in Z direction
(PDS coordinate system) and PocketQube mass in pod.

Figure 49: Pusher plate assembly with exploded view.

Apart from these main functions, pusher plate assembly has an additional function as a locking
mechanism for the main spring during system integration and ground operations. This locking
mechanism is incorporated to avoid unintentional extension of spring. Two RBF screws will
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be placed on the pusher plate assembly to act as spring hold down mechanism. Details of this
feature is discussed in Section 6.4.

Pusher plate assembly is shown in Figure 49. The design of individual parts of the pusher plate
assembly is discussed in further sections.

Pusher plate is the part that will be in contact with the PocketQube backplate. Pusher plate
provides a flat surface on which the deployment force from main spring is transferred to
PocketQubes. As pusher plate would be in contact with the PocketQube backplate, material
chosen for it was aluminium alloy to prevent cold fusion (PDS-GEN-001).

Pusher plate is shown in Figure 50. The circular cut-out
on the pusher plate is provided to reduce mass. It was
expected that the membrane stresses to be minimum at the
location of cut-out. Results for which are shown in Figure
53. Skirts were added on two sides in order to restrict any
lateral (Y direction) movement of the main spring. During
deployment it is important to restrict lateral movement of
spring on pusher plate end as it could result in change of
deployment force vector.

Figure 50: Pusher Plate.

A change in deployment force vector in lateral direction is not desirable due to its negative
impact on deployment velocity of PocketQubes and increased chance of spacecraft jamming.

Pusher plate assembly must ensure minimum frictional losses during PocketQube deployment.
Pusher plate guide is the part that will be in contact with the internal faces of PDS guide
mechanism. It is crucial to reduce the friction between sliding surfaces and hence the material
chosen for the pusher plate guide is important (PDS-GEN-001). In Section 4.3.6 it was seen
that friction coefficient for aluminium on itself is 0.8. High coefficient of friction can lead to
greater frictional losses during the deployment process. This condition is of course undesirable.

A possible alternative is to use a lubricant on the sliding surfaces which are in contact.
Molybdenum Disulphide (MoS>) coatings have been used in spacecraft to lubricate surfaces in
contact since 1960’s [94]. However, MoS; coatings degrade upon contact with water vapour
[95]. As aresult, during system integration, special care needs to be taken when MoS; coatings
are used and further, hermetically sealed containers are needed for transport and ground
handling operations. Additionally, at low orbital altitudes, MoS> can oxidize to Molybdenum
Trioxide (MoOs) when exposed to atmospheric atomic oxygen. MoOsz has higher coefficient
of friction and is therefore an inferior lubricant compared to MoS> [96].

Recently, composite coatings with made of Keronite and MoS; is deposited using plasma
electrolytic oxidation method [97]. This surface coating has been developed for use in
cryogenic plain sliding bearings. Keronite and MoS, composite coating offers low sliding
friction coefficient, maximum resistance to wear, minimum debris generation, vacuum
compatibility, thermal shock resistance, and thermal conductivity [98]. Using this method the
static coefficient of friction can be reduced to as low as 0.04 [99].

Having seen the surface coatings available for metals to reduce friction at sliding contacts, it is
relevant to discuss non-metallic materials that exhibit low frictional characteristics with
aluminium. One material that qualifies is a polyimide called Vespel. Vespel has low wear rate
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and low coefficient of friction in vacuum and moisture-free environments. It has low
outgassing properties under vacuum and at high temperatures conditions which is critical for
polymers. It has been demonstrated as a successful non-metallic interface material against
aluminium in the design of the electric propulsion pointing hold down and release mechanism
of Bepi-Colombo spacecraft [100].

With the different methods to reduce friction coefficient between sliding surfaces discussed, it

IS important to choose a suitable method for the pusher plate guide. Due the degradability and
handling constraints with MoSy, it was chosen that the pusher plate guide will be manufactured

from Vespel.

TR
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Figure 51: Pusher plate guide with dimensional tolerance.

Pusher plate guide is shown in Figure 51 including its dimensioning. The pusher plate guide
has threads on its bottom surface which act as the locking mechanism for main spring during
integration and ground operations. This feature is discussed in detail in Section 6.4.

A stopping mechanism is required for the pusher plate assembly to ensure the assembly is held
within the pod. It is necessary to meet launch vehicle requirement (PDS-LVR-004) and also
avoid space debris which is projected to become a major problem in near earth environment.
Current estimate for debris of dimension of a few centimetres are several hundred thousand
and it is not in our interest to further increase this number [101].

Pusher plate stopper design has to ensure that it does not interfere with the deploying
PocketQubes, while also ensuring that the pusher plate assembly does not move out of the
bounds of PDS. Additionally, a deployment indicator is envisioned to be placed on the pusher
plate stopper as it would provide PocketQube deployment status for the pod.

1

Epp == Empp v2 (23)

From Figure 33, maximum velocity imparted to the pusher plate assembly will be 5.2 m/s. For
this velocity considering mass of moving components of pusher plate assembly as 30 grams,
energy imparted to this system is given by Equation (23) where mpp is the mass of pusher plate
assembly. Force of impact is calculated using Equation (21) assuming a stopping distance of
0.1 mm.
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Figure 52: Pusher plate stopping mechanism.

Although the impact force is distributed between the two surfaces of the pusher plate stoppers,
for dimensioning of member it is assumed all of the force acts on a single stopper. Based on
this condition, impact stress is calculated in the member and for a thickness of 1 mm. Stress
induced in member due to pusher plate impact was well below yield strength of the material.

Pusher plate stopper is shown in Figure 52 attached to the guide mechanism. Having discussed
the design of pusher plate assembly, discussion on the load analysis of assembly is followed.

In this section, an analysis is performed on the pusher plate assembly to arrive at a suitable
pusher plate thickness. The assembly was fixed at lower end of pusher plate guide and input
load for this study was 239 N normal of pusher plate (-Y direction in Figure 53). 239 N was
arrived at factoring in PQ mass per pod (1.5 kg), launch vehicle acceleration and FOS.

Mesh was refined at fastener interface of pusher plate guide on the pusher plate and along the
face of the cut out on pusher plate. The results of load analysis on pusher plate assembly is
shown in Figure 53. A circular cut-out was provided on pusher plate as a mass saving measure
because it was estimated that region of pusher plate would not encounter high member stresses.
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Figure 53: Pusher plate load analysis.

At first, pusher plate thickness was set to 0.5 mm for the analysis. For 0.5 mm thickness,
deformation observed was 0.479 mm and stress at the interface was recorded to be 250.56 MPa.
As stress induced in the member was close to yield strength of aluminium 6061 alloy, it was
decided to increase the thickness of pusher plate to 1 mm. Stress results for 1 mm thickness
was still close to yield strength, and thickness was increased to 1.5 mm. The results for 1.5 mm
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thickness of pusher plate is shown in Figure 53, with a maximum induced stress at 70 MPa and
deformation of 0.12 mm at the flange. Thickness increase of 1 mm added a mass of 1.5 grams
and the circular cut out saved 0.5 grams on the pusher plate assembly.

Load analysis discussion on PDS pusher plate assembly is concluded. Design of other elements
of PDS is discussed further.

4.6 Guide Mechanism

Guide mechanism is the part that will enclose the PQ sliding backplate. It has two main
functions.
1. During launch phase of the mission, it shall be the load bearing member for
PocketQubes housed within the pod.
2. During deployment phase of the mission, it shall act as the guiding member for
PocketQubes to ensure smooth spacecraft deployment.
In this section, emphasis is placed on the design dimensioning of guide mechanism slot (guide
rail) that houses the PocketQube backplate. The structural design for the guide mechanism as
a load bearing member is discussed in Chapter 5.

Dimensioning of guide rail is critical for the performance of PDS. Higher clearance between
the PocketQube backplate and guide rail will allow for easier deployment of PQs. High
clearance has a negative effect on the tumbling rates of the deployed spacecraft. On the other
hand if tolerance is low, spacecraft rates would be lower than the high tolerance case, however,
the chance of jamming of PQ backplate with guide rail increases. Backplate jamming has to be
avoided at all costs as it would be detrimental to the PocketQube deploying process. Therefore,
a clearance fit is envisioned for the PQ backplate-guide rail sliding mechanism.

A study on the influence of guide rail tolerance on spacecraft ejection rates has been conducted
for CubeSat deployment. This analysis assumes successive elastic collisions between CubeSat
and guide rail during deployment process and iteratively solves equations of motion to estimate
deployment rates. However, computational load for conducting such an analysis is extremely
high [102]. It is out of scope for this thesis to analyze PocketQube deployment rate dependence
on guide rail tolerance.

Typically, materials change their dimensions with variation in temperature. For CubeSat
deployer having a pod length of 300 mm, considering aluminium expansion rate for £80 °C, it
was found that a tolerance between guide rails and spacecraft to be 0.5 mm on both axis. This
value is the minimum gap required between the spacecraft and guide rail in order to prevent
spacecraft jamming over the deployer working temperature range [103].

Figure 54: Guide mechanism deformation at -40 °C.
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Figure 55: Guide mechanism deformation at +80 °C.

An analysis is conducted for determining the effect of thermal deformation on guide rail
tolerance over the working temperature of PDS (PDS-GEN-002). This analysis is conducted
on version 2 of lateral configuration of a single pod PDS. The reasoning for dimensional
tolerancing analysis having been conducted on this model was that guide mechanism
deformation is dependent on the shape of part. This version of guide mechanism was the final

version and therefore most dimensions of guide mechanism were fixed at this stage of design.
Table 18: Thermal deformation at guide rail surface.

Directional Deformation (mm)
Tem(e(g;:\ture X Y 7
Min Max Total Min Max Total Min Max Total
-40 -0.0634 | 0.0622 | 0.1256 | -0.0190 | 0.0619 | 0.0809 | -0.017 | 0.0788 | 0.0964
80 -0.0582 | 0.0593 | 0.1175 | -0.0579 | 0.0177 | 0.0757 | -0.0737 | 0.0164 | 0.0901

Dimensional variation due to thermal effects on the guide mechanism is shown in Figure 54
and Figure 55. Table 18 enlists the directional deformation at guide rail due to temperature
variation.

A moment arm is present between the deployment force vector and PQ CoM (due to PQ
standard) along Y axis, however, along X axis the force vector is parallel to PQ CoM (assuming
no main spring mounting error). Due to the presence of moment arm along Y axis, there will
be an inherent tendency of PQ to rotate along Y axis. In order to minimise the angular velocity
along Y axis, a stricter tolerance between the guide rail and PQ backplate is adopted in guide
rail design. Table 18 shows that guide rail deformation due to temperature variation is higher
along X axis compared to that of Y axis. Hence, a tighter tolerance along Y axis would not
increase chances of PQ rail jamming.

Based on CubeSat deployer experience and engineering intuition, tolerance of guide rail is
fixed. Dimensioning of guide rail in Y direction is 2.2 +0.1/-0 mm and in X axis is 59 £ 0.1mm.
This will allow for a minimum clearance of 0.6 mm in Y direction and 0.8 mm in X direction.
The minimum clearance in X and Y directions is sufficient assuming the PQ backplate deforms

same amount as described in Table 18 but in the opposite direction.
Table 19: Guide Rail and PQ backplate clearance.

X AXis Y AXxis
Min Max Min Max
0.8 1.2 0.5 0.8

The minimum and maximum dimensional clearance between the PQ backplates and guide rail
are listed in Table 19. Having discussed the guide rail interface dimensioning, we determine
the length of the guide mechanism required for its operation.

Clearance
(mm)
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For dimensioning of guide mechanism in Z direction few other dimensions of parts need to be
considered. The compressed length of main spring would be 50 mm, pusher plate thickness 1.5
mm, PQ backplate (6P) 384 mm, and push back mechanism on door assembly 7.5 mm. All the
member dimensions have been discussed in detail in previous sections of this chapter. Further,
thickness of pusher plate stopper was 1 mm and a clearance of 1 mm is provided for door
assembly. Based on all these considerations, guide mechanism length of 441 mm was arrived
at.

Having discussed guide rail dimensioning considerations, following section focuses on pod
dimensioning.

4.7 Pod Dimensions

Pod dimensioning is an important factor to consider before the design of components and
structural elements. PocketQube Standard states that a maximum envelope available for
deployables is 7 mm normal to +X and +Y faces (‘PQ-Mech-08) [2]. It is necessary for PDS
to meet this requirement to satisfy PDS-PQS-001.

However, in view of providing additional appendage volume for PocketQubes, a design choice
was made to increase the limit to 10 mm on all 4 faces. The reasoning for this decision considers
the fact that for PQs with high on orbit power requirements, additional solar panels can be
accommodated in the volume provided. As on orbit utilization for PocketQube class of
spacecraft increases, payload variety will increase. It is this trend that PDS wants to satisfy by
having additional deployable volume. Additionally, it also provides increased flexibility for
PQ developers. Appendage area for PocketQubes is shown in Figure 56.
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Figure 56: PocketQube allowable appendage in X & Y directions with pod internal dimensions.

Based on the appendage area described in Figure 56, pod internal dimensions in X and Y
directions are arrived at. Additionally, for PDS panels on +X and =Y faces, maximum
permissible deflection is taken to 1 mm normal to the face. This condition of 1 mm panel
deformation will be addressed in Section 5.5. Further, to account for clearance between
PocketQube backplate and guide mechanism, 1.2 mm and 0.8 mm are added to pod dimensions
in X and Y directions respectively (refer Table 19). Based on these conditions, pod internal
dimensions are 73.5 mm in X direction and 74.5 mm in Y direction.

—_—

Stay off area is recommended on +X faces of 4.5 mm from PQ backplate towards +Y face
(refer Figure 56). This stay off area is present to avoid interference between appendage volume
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and guide mechanism structure. Separation distance between PocketQube and launch vehicle
is discussed in the next section.

4.8 PocketQube Separation Distance

This section is dedicated to the discussion on factors influencing the separation distance of
deployed PocketQubes. Separation distance of PocketQubes is dependent on the deployment
velocity of spacecraft from pod. Detailed discussion on spacecraft deployment velocity was
carried out in Section 4.3.4. In Section 4.3.4, the lowest magnitude of spacecraft deployment
velocity was estimated to be 1 m/s, when the first PQ in 6 x 1P configuration is deployed.

This section is dedicated to estimating the range between launch vehicle upper stage and the
deployed spacecraft. It is critical to evaluate the separation distance between launch vehicle
and satellites to ensure collision is avoided. In order to estimate the separation distance between
spacecraft and launch vehicle, orbits of both bodies are propagated post spacecraft deployment
and relative distance is estimated by comparing the positions of the bodies.

The following assumptions are made for object orbit propagation:
1. Earth centred gravity model without higher order perturbations was considered for orbit
propagation.
2. Velocity change of launch vehicle due to spacecraft deployment is negligible (Launch
vehicle mass much greater than deployed spacecraft).
3. Gravitational interaction between spacecraft and launch vehicle is negligible (Earth
mass much greater than launch vehicle and spacecraft mass combined).

The deployment velocity vector is a factor of not only the mounting orientation of PDS with
launch vehicle but also of launch vehicle attitude during spacecraft deployment. As the attitude
of launch vehicle is unknown, for this study, deployment velocity orientation with respect to
orbital velocity is considered. The separation distance will depend on the relative orientation
of orbital and deployment velocity vectors.

To determine the dependency of separation distance with orientation of deployment velocity
vector, 4 possible orientations are analyzed. They are deployment velocity parallel to:

1. Orbital velocity.

2. Orbital radius.

3. Orbital angular momentum.

4. 45° from orbital angular momentum and orbital radius.

Further, two orbits were chosen to analyze the variation of separation distance with orientation
of deployment velocity vector. The orbits chosen were circular low earth orbit (LEO) at a
height of 500 km, and geostationary transfer orbit (GTO) with perigee height at 200 km. Both
orbits were considered at 0° inclination as separation distance is only a factor of relative
distance between spacecraft and launch vehicle and not on orientation of orbit or location of
objects in a certain orbit.

Circular LEO at 500 km was chosen for its popularity in rideshare missions of earth observation
spacecraft (primary payload) [11]. In order to analyze the effect of eccentricity on separation
distance, GTO was chosen. Perigee and orbit inclination of GTO depend on the launch vehicle
and launch site respectively, however for this study, GTO inclination is assumed to be 0° and
perigee height at 200 km.
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Separation Distance vs PocketQube Deployment Direction (Circular LEO - 1 m/s)
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Figure 57: Separation distance for different deployment directions (with illustration).

Separation distance between launch vehicle and deployed spacecraft for different deployment
velocity vector orientations in LEO are shown in Figure 57. In Figure 57, magnitude of
deployment velocity does not vary for the different orientations and is equal to 1 m/s based on
minimum value estimated in Section 4.3.4.

Separation distance between launch vehicle and spacecraft is highest when the deployment and
orbital velocity vectors coincide. Separation distance is lowest when the deployment velocity
and orbital angular momentum vectors coincide and occurs close to half the orbital period after
spacecraft separation. When deployment velocity is radial to orbit, minimum separation
distance occurs about one orbital period after spacecraft deployment.

The location of minimum value of separation distance is similar for both LEO and GTO and is
listed in Table 47. It was also observed that the minimum separation distance increases steadily
after each orbit. This is to be expected as the impulse provided to the spacecraft by PDS results
in change to its orbital elements.

However, right after separation of spacecraft from launch vehicle, the range between deployed
spacecraft and launch vehicle is independent of the orientation of deployment velocity. In
Figure 57, it is observed that the range between deployed spacecraft and launch vehicle
increased linearly below 500 seconds (8 minutes) after deployment. The linear region was
observed to be about 300 seconds (5 minutes) for deployment in GTO.

Based on above observation, the distance between launch vehicle and spacecraft can be
approximated as the product of deployment velocity and time since deployment. This
approximation is true for both the orbits and all considered deployment orientations when time
since deployment is not greater than 5 minutes.

Additionally, it is important to note that the separation distance would also be a factor of the
magnitude of deployment velocity. Figure 57 considers a conservative magnitude of
deployment velocity. Variation of separation distance with magnitude of deployment velocity
is shown in Figure 58. The values considered for magnitude of deployment velocity for
different spacecraft will be discussed in Section 6.1.
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Figure 58: Separation distance variation with magnitude of deployment velocity.
Figure 58 assumes all PocketQubes are deployed at the same time. This assumption is not true

as there would be time delay between PocketQube deployments from the same pod which is
insignificant for this analysis.

Following sections discuss the structural configuration of single and multiple pod PocketQube
Deployment System.

4.9 Single Pod System Configuration

Having discussed the design of various component systems of the PDS, this section details the
configurations of structural elements of PDS. Two configurations are envisioned for the single
pod system, namely, longitudinal and lateral configuration. The difference between the two
configurations of the single pod PDS is the location of interface for mounting PDS onto launch
vehicle. By changing the mounting surface, the PocketQube deployment velocity vector
changes with respect to the launch vehicle.

Longitudinal Configuration
< Longitudinal
Configuration

Lateral
Configuration

Lateral Configuration

PocketQube
Deployment
Velocity
Vector

Figure 59: Single pod configuration (illustation for reference).

To better understand the difference between the configurations, let us assume that both
configurations of single pod PDS are mounted to a surface perpendicular to launch vehicle
velocity vector. PocketQube deployment velocity vector for longitudinal configuration will be
parallel to launch vehicle longitudinal axis and for lateral configuration it will be parallel to
launch vehicle lateral axis. This change in PocketQube deployment velocity vector (green
arrow) is shown in Figure 59. It is to be noted that velocity vectors are dependent on mounting
location and orientation. PDS design will ensure all possible mounting orientations can be
accommaodated by structural analysis load definition in all 3 axes.
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At this stage of design of the PDS, longitudinal configuration of the PDS is the preferred design
solution as it would occupy less launch vehicle surface area due to its mounting footprint being
lower in comparison to lateral configuration. Detailed analysis between the configurations is
carried out in Chapter 5 based on structural design.

4.10 Multiple Pod System

Having seen configurations of the single pod PDS, this section dwells into preliminary design
of multi pod PDS. A footprint analysis is conducted based on pod dimensioning, following
which structural configurations for the multi pod PDS are discussed.

In this section, a preliminary footprint analysis for the multi pod PDS is conducted. Deployer
launch vehicle footprint is an important factor to be considered for the design of multi pod
PDS. PDS design has to ensure that integration to various types of launch vehicles is possible.

With this consideration, it becomes important that the multi pod PDS footprint would be such
that multiple launch vehicles can integrate the design. In this regard, multi pod CubeSat
deployers with a payload capacity of 12/16 U have proven to be adaptable to multiple launch
vehicles. Hence, multi pod PDS is designed to match footprint of 12/16 U CubeSat deployers
(PDS-LVR-010).

EXOPOD 12U - 295.5 x 460 mm

s o 7 v | CSD 12U - 270 x 400 mm

5 10 1 = | ISIPOD 12U - 260 x 360 mm

| PDS Pod - 74.5x 73.5 mm

13 14 15 16

Figure 60: Multi pod PDS preliminary footprint analysis.

Based on CubeSat deployers’ footprint shown in Figure 7 and PDS pod dimensions discussed
in Section 4.7, a total of 16 pods could be accommodated in a 4x4 pattern for the multi pod
PDS. The payload volume for a total of 16 pods would be 96P (24 kg). Preliminary footprint
analysis for multi pod PDS is shown in Figure 60 with dimensions of individual pods being
equal to dimensions shown in Figure 56.

Initial footprint analysis assumes that multi pod PDS has launch vehicle interface on -Z face
and all dimensioning apart from the pod dimensions are ignored. Although ignoring other
dimensions lead to dimensional inaccuracy, this analysis provides a good first approximation
to multi pod PDS footprint. Different launch vehicle fixture locations are evaluated in Chapter
5 and deployer footprint dimensions of final design is discussed in Chapter 6.

Having discussed the multi pod PDS footprint, this section details the structural configuration
of the multi pod PDS. Configuration study is based on structural elements designed for the
single pod PDS including guide mechanism and structural rib discussed in Section 5.6.2 and
shown in Figure 73.

The structural configuration of the multi pod system takes into account the conclusions from
single pod structural design progression discussed in Section 5.6 and Section 5.7. The 4x4 pod
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pattern was arrived at in order to distribute modal mass participation proportionally along the
two axes perpendicular to the deployment velocity vector. By ensuring near equal modal mass
participation by structural design, the 4x4 configuration proportionally distributes system
dynamic mass resulting in higher structural stiffness. Hence, the 4x4 configuration with 96 P
payload capacity is the suited configuration for multi pod system accounting for launch vehicle
footprint and structural dynamics.

The objective of this study was to determine an optimum orientation of structural elements
required for multi pod deployer to minimise structure mass. A total of 4 pods are considered
as a linear pattern of these pods (X direction) will result in forming the 96P deployable volume
as discussed previously. Figure 61 shows structural element placement for a line of 4 pods
within the multi pod deployer.

Multi-Pod Structure Configuration Study
Configuration 1 Configuration 3

Configuration 4

Y

Figure 61: Configuration study for multiple pod structural elements (skeleton view).

In Figure 61, guide mechanism is coloured purple and rib green. Of the four configurations
shown, it is evident that configuration 1 and 2 would require an additional rib for the same
payload mass. Further, at the middle of these configurations additional spacing has to be
accomodated in Y direction to allow for door deployment clearance (20° each). Hence,
configurations 1 and 2 are not suitable for multi pod PQ deployer.

Configuration 2

Configurations 3 and 4 have same mass to payload ratio however, configuration 3 would be a
good choice if launch vehicle interface would be on -Y face and configuration 4 for -Z face.
This is to reduce distance between system centre of mass (CoM) and launch vehicle fixture
surface.

Based on these considerations, detailed structural analysis of multi pod PDS is discussed in
Section 5.12.

The design of component systems of PDS being completed and preliminary configuration

analysis for single pod and multi pod discussed, structural analysis of PDS is discussed in
following chapter.
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5.

Structural
Analysis

This chapter is dedicated to the discussion of structural analysis of PocketQube Deployment
System. The chapter will focus on theory of Finite Element Method (FEM) solver, analysis
methodology, methodology validation, system structural design, and sensitivity studies.

Structural analysis is necessary in order to find a balanced solution between system stiffness,
strain, stress, and natural frequency while minimizing system mass. Based on results obtained
from structural analyses of PDS, final design is arrived at.

5.1 Vibration Theory & Structural Analysis Overview

General equation of motion for a body under vibration is given by Equation (24) where {X},
{X} and {X} are displacement, velocity, and acceleration vectors respectively, [M], [C] and [K]
are respective mass, damping, and stiffness matrices and f(t) is external load(s) applied on the
system.

[MI{X} + [CH{X} + [K]{X} = (F(£)} (24)

Static analysis by definition is conducted on a system in which system excitation and structural
response are invariant with time. Hence, Equation (24) is reduced to Equation (25).

[KI{X} = {F} (25)
Using Equation (25), structural displacement is estimated using matrix inversion by the FEM
solver.

In further sections, dynamic analysis of structure using FEM model is discussed.

Modal analysis is an analysis technique used to determine dynamic characteristics of structures.
For a dynamic system, it is important to obtain natural frequencies and mode shapes of the
structure. The analysis is conducted to meet the natural frequency requirements of launch
vehicles as well as to verify if any dynamic loads coincide with the natural frequency of the
structure.

Modal analysis is solved as a free and undamped vibration system. Hence Equation (24) is
reduced to Equation (26).

[MI{X} + [K1{X} = {0} (26)
Assuming harmonic motion of the structure, displacement vector {X} can be represented as

shown in Equation (27) and acceleration vector {X} in Equation (28) where, ¢iis the amplitude,
o; is frequency, and 6; is the phase angle of the harmonic oscillation.

{X} = {¢:} {sin(w;t + 6,)} (27)
(X} = —w? (¢} sin(w;t + 6,)} (28)
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Substitution of Equation (27) and Equation (28) in Equation (26) and solving for the
determinant in Equation (30), will compute the natural frequencies of the system.

(K] - 0 [MD{¢}; = {0} (29)
det([K] — w7[M]) = {0} (30)

Equation (30) is an eigenvalue problem and can be solved to obtain its roots. Eigenvalues
correspond to the natural frequency (wi) of the structure and eigenvectors to their respective
mode shapes (¢i). Eigenvectors are normalized to the mass matrix, therefore, just the mode
shapes have real meaning and not deformation values obtained during the solution.

Total number of modes of the system equal total degrees of freedom for that system. The
natural modes of vibration are inherent to a dynamic system and are completely determined by
system’s physical properties such as mass, stiffness, damping, and each of their spatial
distributions.

Modal analysis is a linear analysis and ignores nonlinear effects. Nonlinear effects can originate
from geometrical nonlinearities (large deformation), material nonlinearities (elasto-plastic
material), and contact regions. These effects result in variation of stiffness matrix during load
application.
vi= {0} [MI{D} (31)

Participation factors of the extracted modes can be calculated using Equation (31) where, {D}
is an assumed unit displacement vector in each of the coordinate directions. Participation factor
indicates the quantity of system mass excited in each coordinate direction for a given mode.
For example a high value of participation factor indicates that a mode will be excited when
subjected to a force in that direction.

Mesri = v (32)
n
§ Mgy i
— ~1 33
Mtotal ( )
=1

Effective mass for a given mode is described in Equation (32). It is recommended that the ratio
of effective to total mass over the summation of all extracted modes (Equation (33)) must be
greater than 0.9 for modal analysis results to be used in subsequent analyses [104]. As discussed
earlier, total number of modes in a system will be equal to its total degrees of freedom, hence
computation of all modes is computationally expensive and the cut off is set at 0.9 on Equation
(33).

Having seen the method behind modal analysis and the requirement of modal analysis for
further dynamic analysis, we discuss the methodology behind harmonic and random analysis
in coming sections.

Harmonic analysis is used to determine steady state response of structure to harmonic
excitation. Excitation force for harmonic analysis is generalized in Equation (34), where F is
the amplitude of excitation force, Q the excitation frequency, and 0 the phase angle.
{F(t)} = F sin (Qt + 08) (34)
General governing equation for vibration (Equation (24)) for a system under harmonic loading
reduces to Equation (35).
[MI{X} + [CI{X} + [K]{X} = F sin (Qt + 6) (35)
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Generalized system displacement, velocity, and acceleration due to the harmonic excitation are
shown in Equations (36), (37) and (38), where, {X}, {X} and {X} are displacement, velocity,
and acceleration vectors.

{X} = A (cosQt + jsin Qt) = AeIM (36)
(X} = AQ(jcosQt — sin Qt) = jAQel¥ (37)
(X} = —A9? (cos Ot + jsin Qt) = —AQZeIH (38)

Substituting Equations (34), (36), (37) and (38) in Equation (35) we get Equation (39) (in
complex variable notation) where, {Xi},{X2} are real and imaginary components of
displacement vectors and {F1},{F-} are real and imaginary components of excitation force
vectors.

(—Q2[M] +jQ[C] + [KD{X1} + j{X2}) = ({F} + j{F:D (39)

Using ‘Mode Superposition Method’, Equation (39) can be converted into modal form and is
represented in Equation (40) where, i is natural frequency, yi is complex modal coordinates,
fi is complex modal force, and {; is damping ratio. Equation (40) can be solved using mode
superposition method which expresses the displacements as a linear combination of mode
shapes.

(0% +jQ 280; + @)y; = f; (40)
Using Equation (40) modal coordinates (yi) is computed and displacement is calculated using
Equation (41) where, {X} is the displacement vector, n is total number of computed modes,
{0}, and yi are eigen vector and modal coordinates for a given mode respectively.

() = Zw}l ", (41)

Modal coordinates are scale factors computed by the solver to scale the contribution of each
mode to the resultant displacement at specific excitation frequency, Q . As mode superposition
method solves the equation of motion as a system of uncoupled equations, solution accuracy
is dependent on weather adequate number of modes are extracted during the modal analysis.
Number of modes must be sufficiently high to prevent mode truncation error. Typically, modes
up to 1.5 times the interested frequency range is recommended for mode superposition method
[105], [106], [107].

Further, for steady state harmonic analysis, structural response varies over the range of
excitation frequencies. In this analysis, structural deformation is analyzed over the range of
frequencies and stresses are evaluated for the maximum deformation state. In doing so
structural response to sinusoidal excitations can be evaluated over the excitation frequency
range.

Having seen the method behind harmonic analysis, random vibration analysis is discussed in
the coming section.

Random vibrations are indeterministic in nature. Hence, it is mathematically described as the
superposition of multiple harmonic excitations. Random excitations are assumed to follow
Gaussian Distribution in occurrence. As discussed in Section 3.2.3, random excitations are
expressed as PSD over the frequency range.

Random vibration analysis is conducted by determining a transfer function called the frequency
response function H(w) across the range of frequencies and is represented by Equation (42).
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The magnitude of the frequency response function by definition is the ratio of amplitudes of
input and output excitations and shown in Equation (43).

H(w) = A(w) — iB(w) (42)
|H(w)| = VA2 + B2 = CZ’_”t (43)

The system response to a single input PSD is given by Equation (44) where, Sout is the spectral
density of response, Sin is input spectral density (PSD), and H(w) the transfer function.
Sout(w) = |H(0))|2 Sin(w) (44)
For random vibration analysis, transfer function H(w) is calculated using the mode
superposition method [108]. The structural response will be frequency dependant and in order
to estimate the average response to input PSD over all frequencies, root mean square response
is estimated. Root mean square average will be one standard deviation (1o) and is given by
Equation (45).

RMS = JmS(w) dw (45)
0

30 is calculated which accounts for 99.73% probability of occurrence. As input PSD frequency
range is in the of 20 to 2000 Hz, modal analysis is carried out to find modes between 0 and
3000 Hz. These modes will further be utilized in calculating the dynamic response of the
system.

Having discussed vibration theory overview and FEM solver methodology, analysis
methodology and solver validation are discussed further.

5.2 Structural Analysis Methodology

This section of the study is dedicated to the discussion on the methodology used for FEM
modelling. It details the methods used to prepare structural models for the FEM analysis, the
representation of different physical elements within FEM model, and the procedure used to
obtain FEM solution. Further, this section also compares different model preparation methods
to choose a suitable method for analysis.

In this section, two different methods for preparation of CAD model for structural analysis
input are discussed in detail. The two methods are:

1. Mid-Plane Method

2. 3D Mesh Method
A comparison between the methods are discussed in detail in Section 5.2.4, including their
advantages and drawbacks.

1. Mid-Plane Method
The licencing of Ansys program led to a limit on total number of 3D mesh elements that can
be solved using the Ansys Mechanical Module. In order to overcome this drawback, at first the
mid-plane method was tried to solve the Finite Element Method (FEM) model. Block diagram
of the mid-plane method is shown in Figure 62.

All 3D surfaces (structural members) required for the finite element model was retained from
the detailed CAD assembly. The 3D parts of the assembly were converted into 2D geometry
using mid-plane sections. The 2D assembly was then imported into Ansys where material
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properties of parts and their thicknesses were defined. A 2D mesh based on geometry was
generated and the model was solved having defined respective boundary conditions.

Mid-Plane Method
Detailed 3D ‘ Eliminate Non- Reduced Create Mid-Plane ‘ 2D Assembl
Assembly ‘ Structural Elements Assembly Geometry ‘ - v
Import to
Analysis
Software
Perform ‘ Define Boundary | Mesh 2D Select Material Define
Structural ¢ - : - . :
' - ‘ Conditions Geometry Properties Thickness
i Analysis ) :
Detailed in Striictural Analysis
Solution Schematic

Figure 62: Mid-plane method block diagram.

2. 3D Mesh Method
Block diagram of 3D mesh method is shown in Figure 63. Similar to the mid-plane method,
only essential elements of the assembly were retained for the finite element model. With
geometry imported, the finite element model is defined within Ansys. Details of which is
discussed further in Section 5.2.2.

3D Mesh Method

Detailed 3D | Eliminate Non- .| Reduced Import to Analysis
Assembly Structural Elements |  Assembly Software

ks A

h 4

Define Structural
Model

Perform W
Structural |«
Analysis

Define Boundary | Mesh3D |, Select Material
Conditions : Geometry | Properties

Detailed in Structural Analysis
Solution Schematic

Figure 63: 3D mesh method block diagram.

To overcome the limit on total number of 3D mesh elements, two steps were introduced. The
order of mesh elements were increased and an adaptive mesh was utilised. Detailed description
of mesh definition is given in Section 5.2.2 under meshing.

In this section, the different constituents of the finite element model are defined. Further, the
description of model constituents and their relevance are discussed.

1. PocketQube

PocketQubes in the finite element model will be represented as a point mass instead of a solid
body in order to decrease the complexity of model. The point mass will be located at geometric
centre of the representative PocketQube.

The point mass will have a mass of 250 grams per P unit in accordance to the PocketQube
standard. Sensitivity of structural analysis model to different PocketQube sizes is analyzed in
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detail in Section 5.8. Additionally, system sensitivity to variation in position of PQ centre of
mass (CoM) is analyzed in Section 5.9.

Point mass of PocketQube is scoped onto the guide rail such that guide mechanism will be the
PQ load bearing member. PocketQube point mass is scoped to the guide rail using multipoint
constraint (MPC) contact and deformable constraint equations called RBE3. RBE3 contacts
create constraint equations such that the motion of the master node is the average of the slave
nodes. A force or moment applied at the master node is distributed to a set of slave nodes taking
into account the geometry of the slave nodes as well as weighting factors.

2. Pin Puller
Similar to PocketQube, pin puller is represented as a point mass at its respective centre of mass.
Representing pin puller as a point mass reduces total elements in the FEM model. The puller
pin is scoped onto the pin puller bracket. This method although not representational of real
scenario, it is a good approximation. Pin puller mass is taken to be 30 grams as discussed in
Section 4.1. Within the finite element model, pin is defined as a joint for which all degrees of
freedom except the pin axis are restricted.

3. Structure
Detailed CAD model of PDS is reduced to contain only structural members. Pusher plate
assembly and other non-essential elements on door assembly are detached in the FEM model.

4. Mesh
Ansys Mechanical Module licencing set a limit on total number of 3D mesh elements that can
be solved. In order to overcome the limitation of the total number of elements that are needed
to be solved in the finite element model, a decision was taken to use mesh elements with
quadratic nodes instead of linear nodes. This decision resulted in increasing the total number
of nodes in the finite element model while maintaining the same number of mesh elements.
Figure 64 shows the linear and quadratic element types for different mesh elements [109].

Element 1D 2D 3D
Order Beams Triangles Quadnlaterals Tetrahedrons Hexahedrons Pentahedrons
/.._ — yd ./ / ™~
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Figure 64: Mesh element types [109].

Further, in the interest of refining the finite element analysis results, an adaptive meshing
technique was utilised. As the likelihood of increased stress conditions were greater at interface
joints connecting one structural member to another (place where load transfer between
members occur), the meshing element size at the interface holes were chosen to be small. This
adaptive meshing method resulted in refinement of analysis results at interfaces, while keeping
the total number of meshing elements below the licencing requirement.

Detailed discussion on the dependence of FEM results on meshing is carried out in Section 5.4.

5. Fasteners
Fasteners connecting two structural members are modelled as beam elements in FEM. The
beam elements have a circular cross-section with a diameter equal to the mean diameter of
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respective fastener. The beam elements are connected to structural members using RBE3
contacts at both ends.

With all elements of finite element model defined, the solution schematic is discussed in
succeeding section.

In this section, the schematic used to obtain structural analysis solution of the PocketQube
Deployment System is discussed. The pre-processing of the model until discretizing the
structure into finite mesh is discussed in Sections 5.2.1 and 5.2.2. Further once the mesh is
derived, the model is split into two separate analysis components i.e., dynamic and static
structural analysis. The FEM analysis solution schematic is shown in Figure 65.

For static analysis, the boundary conditions (launch vehicle fixtures) and quasi-static
acceleration inputs are defined. The launch vehicle input acceleration for static analysis is
discussed in detail in Section 3.2.1. Once all necessary boundary conditions are defined,
analysis solution is obtained to estimate deformation and structural stresses.

Structural Analysis Solution Schematic
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Figure 65: Structural analysis solution schematic.

For modal analysis, launch vehicle mountings are defined and the solution is obtained. The
solution contains system natural frequencies and participation factors of the different modes,
both of which are required for further system dynamic analyses. The number of modes to be
calculated by the FEM solver was set such that natural frequencies up to 3000 Hz are captured
in the solution set. 3000 Hz is selected since the random vibration PSD input frequency ranges
from 20 to 2000 Hz [105]. Modal solution results are consequently utilized by harmonic and
random vibration solvers to obtain system dynamic results.

Harmonic analysis is performed using modal analysis results and the sinusoidal input
accelerations which are defined for various launch vehicles in Section 3.2.2. Deformations and
structural stresses are obtained from the solution. Random vibration analysis is performed
using modal solution and PSD inputs defined in Section 3.2.3. The probabilistic estimates of
deformation and structural stresses are estimated by the solver and peak system response are
evaluated to a confidence level of 3¢ following the GSFC-STD-7000A standard [51].

All acceleration and PSD inputs have factors of safety added to them according to Table 14.
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In this section, the two FEM model preparation methods discussed in Section 5.2.1 are
compared to choose a suitable method for structural analysis of PDS. The two geometries used
for the mid-plane and 3D mesh methods are shown in Figure 66. All dimensions of the two
geometries are equal and are chosen to evaluate performance of the two methods. However,
thickness of different elements for the mid-plane method is defined on FEA software, whereas,

for 3D mesh method it is defined on CAD software.
Mid-Plane method Geometry 3D Mesh method Geometry

Model 1

Model

Model 2

Figure 66: Geometries used for 2D and 3D methods.

Modal analysis results for the two FEM methods is shown in Table 49. As expected the mid-
plane method underpredicts the natural frequencies of the validation model. This is due to the
mid-plane geometry being an oversimplified geometry and the number of FEM elements
through the thickness of components is unity. The average error between natural frequencies
predicted by the two methods is about 10% for model 1 and 43% for model 2.

The comparison of FEM methods for static and dynamic analyses are shown in Table 50. It is
observed that the error between the two methods are considerably high. The advantages and
disadvantages of the two methods are discussed based on these results.

The advantage of mid-plane method is it reduces CPU resources required for obtaining analysis
solution. Hence, large FEM models can be solved using limited computation resources. The
method also predicts system natural frequencies with reasonable accuracy for model 1, whereas
for model 2, inaccuracy is high. However, further dynamic analysis introduces large errors and
is outside acceptable limits for both models. The largest drawback of mid-plane method is that
the PDS will be overdesigned using this method. This overdesign will impact as an increase in
structure mass and in turn have a negative consequence on system cost which is detrimental to
the objective of this study.
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Due to geometric complexity involved of the individual parts of PDS within the finite element
model, scoping errors were noticed between geometries in the mid-plane method. These
geometric scoping errors could not be handled by the solver, leading to solution errors. Hence,
due to scoping errors and solution inaccuracies, mid-plane method was discarded and 3D mesh
method was utilized in order to solve the finite element model.

With a detailed understanding of FEM model setup and solution schematic, next section details
the validation of solver and setup methods used for structural analysis.

5.3 FEM Validation

As discussed on the dynamic solution methodology in Section 5.1, modal analysis
methodology is critical in the FEM model as it serves as the input for both harmonic and
random vibration analyses. Further, structural stresses induced due to sinusoidal/random
excitations cannot be quantified during a shaker table test. Rather, a modal survey is conducted
before and after dynamic structural loading to verify if permanent deformation has occurred on
the test member [110]. A permanent deformation will be registered as a change in system
natural frequency.

Keeping these constraints in mind, a conclusion was arrived at to validate the methodology of
the finite element model in two parts. Initially, FEM solver is validated based on beam theory
followed by the validation of overall method using modal analysis. By validating the modal
analysis section of the FEM, the designer can have considerable confidence in the methodology
utilised for overall FEM analysis.

To validate the solver based on beam theory, a simple cantilever beam with a rectangular cross-
section is considered. Natural frequency of a beam fixed at one end and free on the other with
uniform distributed mass under bending is given by Equation (46) and under torsion is given

by Equation (47) [111].
1\ / El
Jn = (%) 3 (46)

where, E is Young’s Modulus, | is the area moment of inertia of beam cross-section, m is beam

mass, and L beam length. ax is given below.
Mode 1 2 3 n>3
an | 1.8751 | 4.6941 | 7.8548 | (2n-1)m/2
1 Gk
=|=— —_— 47) [111
o= a) e o (47) [111)

where, k is torsional constant, G is Shear Modulus, p is density of beam material, and Jp is polar
moment of inertia of beam cross-section. By is given by Equation (48) [111], k and Jp are given
by Equation (49) and Equation (50) respectively for a beam of rectangular cross-section with
width b and height h.

k = bh3 l—OZlﬁ 1- i 49
3 b 12 b* (49)
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bh(b? + h?)
P 12
Based on properties of cantilever beam mentioned in Table 48 and Equations (46) to (50), the
theoretical values for natural frequencies of the beam are calculated. Table 51 lists the
numerical result obtained from Ansys mechanical solver and the theoretical results for the first
10 modes along with error of numerical results.

(50)

It was noted that the solver inaccuracy was higher in out-of-plane bending modes compared to
in-plane bending and torsion modes. From Table 51, natural frequency error in modal analysis
of a cantilever beam was found not to exceed a value of 5%. Hence the solver used by Ansys
mechanical module is considered to be validated [112].

To validate the entirety of finite element model, a reference study was chosen where the authors
had conducted finite element analysis as well as a vibration table test of a 1U CubeSat structure
(CubeSat Kit) [113]. Upon conducting the modal survey test (sine sweep) on a shaker table,
the reference team obtained the first natural frequency of 645 Hz for this structure.

To validate the FEM methodology, CAD model for 1U CubeSat Kit™ was obtained from
Pumpkin Space Systems, Inc and modal analysis was conducted on this model using method
described in Section 5.2.2. Modal analysis results of the model is plotted along with the
reference study in Figure 67.
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Figure 67: Validation of finite element model [94].

Figure 67 shows that the modal analysis methodology underpredicts system natural frequencies
when compared to reference study values. However, the validation model follows same trend
as the reference. It is also seen that reference study FEM model predicts the system frequency
lower than the actual system frequency based on shaker table test.

Factors affecting the under prediction of system natural frequencies by the FEM model can be
for various reasons. Some known factors are discussed below.

1. Finite element model is solved by discretizing a set of continuous bodies into discrete
elements and forming constraint equations between them. Due to this inherent solving
methodology a discretization error is introduced into the model [114]. This error would
be dependent on the mesh element sizing of the model [115]. As element size tends to
zero, the discretization error will approach zero. However, such a mesh results in large
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number of elements in the model and thus high computation time. The effects of mesh
element sizing on FEM results are further discussed in Section 5.4.

2. PocketQubes in the FEM are modelled as deformable point masses at their respective
Centre of Mass (CoM). This modelling method results in contribution of PQ mass for
modal interactions while, its stiffness is modelled as 0. However, in real scenario PQs
will have inherent stiffness to deformation and will contribute to stiffening of the
deployer structure.

3. Asdescribed in Section 5.2.2, bolted joints are modelled as deformable beam elements
to reduce complexity of FEM. This method of reducing fastener model to beam element
is found to decrease system frequency while increasing stresses generated within the
fastener as well as at the joint sections [116].

4. Pre-tensioning of bolted joint is not considered for the FEM. The effect of fastener
pretension is an increase in stiffness of a bolted joint. Therefore, fastener pre-tensioning
contributes to the overall stiffening of the structure.

Based on Figure 67, the structural analysis results obtained will be a conservative estimate.
Therefore, system natural frequencies will be underpredicted whereas, stress and strain values
would be overpredicted. As a system designer this method would add additional margin of
safety to design due to model behaviour. Based on these results, it can be considered that the
FEM methodology is validated.

5.4 Mesh Sensitivity Study

Mesh sensitivity study was conducted to reason out the sensitivity of Ansys mechanical solver
to changes in the mesh element size. This study was conducted on a lateral configuration model
(version 2) of PDS. Goal of this study was to estimate the accuracy of solver subjected to
different meshing conditions.

Mesh Sensitivity Study
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Figure 68: Mesh Sensitivity Study.

Modal analysis was chosen for this study as it serves as the input step for further FEM analysis
and hence solver sensitivity to meshing is critical at this step. Total number of modes to be
found was fixed at 50 and mesh element type was quadratic for this study. All other variables
were also fixed between study. Solver sensitivity to total number of elements in the FEM is
shown in Figure 68.
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Figure 68 shows that the frequency of different modes follow similar trajectory between high
and low element counts. High total elements has a smooth transition between mode frequencies
however the low total elements curve is more jagged. Error in frequency is highest for mode
number 23 with an inaccuracy of about 11 percent. This can be attributed to uneven stepping
of low element curve compared to high elements at mode 23.

Overall the low element count underpredicts the natural frequency of the model than the high
element numbers. One other parameter that changed considerably by varying element count
was model solution time. For high element number (110,045) the solution time was 280
minutes and for low element number (48,146) the solution time was 72 minutes. Solution time
increased by 290% with increase in element numbers.

In order to reduce model solution time and also have natural frequency estimation similar to
high element number values, an adaptive meshing method was utilised. With adaptive meshing
the mesh element sizing near the interface joints were reduced while maintaining the global
element size the same. For M2 interface element size of 0.2 mm was used on selective panels
to not exceed the maximum number count of the solver.

For this condition, the total number of elements was 52,862 (similar to low element count) and
a solution time of 93 minutes (30% increase). The modal frequency curve obtained by this
solution was similar to high total element curve in Figure 68 with a maximum error of 0.3% at
mode 27 highlighting the advantages of adaptive meshing.

Based on these results, all structural analysis models utilized adaptive meshing technique to
reduce computational requirements while maintaining high solution accuracy.

5.5 Design Acceptance Criteria

Having discussed the structural analysis theory, model definition, and validation, this section
is dedicated to defining the acceptance criteria for structural analysis of PocketQube
Deployment System.

A first consideration for acceptance of PDS design would be system natural frequency. As
discussed in Section 3.3, deployment system natural frequency must meet the minimum launch
vehicle requirement to avoid dynamic load amplification. The cut off frequency for the PDS
was set at 135 Hz in Section 3.3.

Having met the natural frequency requirement, the structure is then evaluated to quantify the
structural deformations and member stresses encountered due to launch vehicle loads. The
structure is said to pass the design acceptance criteria if deformation values are within
acceptable limits for the specific components and if the cumulative Margin of Safety (MoS) is
positive. Margin of safety is calculated using Equation (51).

Material Yeild Strength
Design Stress

Margin of Safety = 1 (51)

Acceptable deformation values vary for different members of the PDS structure. For example,
maximum permissible deformation for +X and -X panels of single pod PDS would be 1 mm.
This condition is present as a clearance of 1 mm was considered between PDS structure and
PocketQube appendage volume in X direction. If panel deformation exceeds this considered
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clearance, there is a possibility of interference between deployment system structure and
PocketQubes inside the pod which is highly undesirable.

Margin of safety can be made positive by choosing suitable material or alloy having high
strength or by increasing thickness of components to reduce the induced design stress for the
component.

Having discussed the acceptance criteria for structural analysis of PocketQube Deployment
System, design progression of single pod and multi pod deployment systems are discussed in
further sections.

5.6 Longitudinal Design Progression

In this section, design progression of the longitudinal configuration of single pod PDS is
discussed. A detailed discussion on single pod system configurations was carried out in Section
4.9 and only structural analysis of the longitudinal configuration is discussed in this section.

Initial design of structural elements of PDS was envisioned to have multiple repeatable
elements as a way of reducing manufacturing cost. For this reason, the PDS was constructed
using multiple L brackets. The CAD assembly of such a design is shown in Figure 69. Guide
rail dimensions which interfaces PocketQube backplate is the same as described in Section
4.6.1 with pod dimensions described in Figure 56. It is to be noted that these dimensions are
not altered for all designs to ensure no interference with PocketQubes or their appendage
volumes. All panels were 1 mm in thickness for the study.

Figure 69: Initial structural design with L brackets.

Although this design provides for economical manufacturing, upon structural analysis it was
observed that the design does not provide required stiffness to meet natural frequency
requirement. To stiffen the structure, the design was modified to combine the vertical L
brackets to a continuous vertical L rib as shown in Figure 70.

Figure 70: Initial structural design with integrated vertical brackets.

The modification resulted in stiffening of higher modes. However, modes 1 and 2 which are
discussed in detail in later sections were not affected. Additionally, the structure mass was
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increased to 1.65 kg which was highly undesirable. Based on this initial analysis, design
direction for the development of structural elements of single pod configurations were
cemented.

Based on initial structural analysis results discussed previously, a decision was taken to
combine the guide mechanism and vertical ribs attaching to -Y panel seen in Figure 70. By
combining the three elements, overall stiffening of the structure is to be expected while
reducing system mass.

(ISNT 7 7

Figure 71: Guide mechanism having combined vertical ribs.

Figure 71 shows the guide mechanism having combined two vertical stiffeners and previous
guide rail. Horizontal ribs are added to join the guide mechanism and resist deformation in X
direction. Three diagonal elements are also added between the horizontal ribs to increase
torsional stiffness of the member. Rectangular cut outs are present in £X directions as a mass
saving measure. Stiffening elements are added keeping in mind that PocketQube mass is
transferred to the deployment system through the guide mechanism.

Further, vertical L ribs attaching to +Y panel were removed and replaced by rib with a square
cross-section of dimension 5x5 mm. 2 of such ribs were present to attach +Y panel to +X
panels. Top and exploded views of the structure after all modifications is shown in Figure 72.
The total structure mass dropped to 820 grams, which was about half the initial mass.

Sy

gl
l

Figure 72: Structural element design longitudinal version 1.

The summary of modal analysis results is shown in Table 20, with modal deformations of each
mode shown in Figure 126. For modal analysis results, first six natural frequencies are
discussed as we are concerned of the lowest system frequencies. Once structural stiffness
requirement is satisfied, further dynamic analysis is conducted by including large number of

modes as discussed in Section 5.1.2.
Table 20: Modal result summary — Longitudinal Version 1.

Mode Number Frequency (Hz)
1 32.309
35.104
88.463
94.141
102.59
105.09

OO IW|IN
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As seen in Figure 126, for modes 3 to 6 having frequencies between 85 and 105 Hz, the primary
deformation is in the form of panel flapping primarily in length. This can be observed in both
1Y panels (mode 5). In order to restrict movement of the Y panels, the number of fasteners
will be increased from 6 to 10. The additional fasteners will restrict panels from deformation
which will increase the modal frequency.

Modes 1 and 2 are primarily bending modes in Y and X directions respectively with some
torsional vibration blended in. In order to restrict torsional instability and increase modal
frequency, independent ribs attaching to +Y panel will be combined.

The changes for this version compared to the previous version was increase in number of
fasteners to 10 numbers on =Y panels and merging of ribs. Four horizontal stiffeners were
added to merge ribs in order to resist deformation in X direction. Top and exploded views of
the structure after modification is shown in Figure 73. As a result of these changes, structure
mass was increased to 850 grams.

Figure 73: Structural element design longitudinal version 2.

The summary of modal analysis results is shown in Table 21, with modal deformations of each

mode shown in Figure 127.
Table 21: Modal result summary — Longitudinal Version 2.

Mode Number Frequency (Hz)
1 35.477
2 37.71
3 122.05
4 150.69
5 207.39
6 307.25

It can be seen from the modal results that a small increase in frequency of first two modes were
observed. Additionally, torsional stiffness of the structure increases for the two modes and they
are transformed to primary bending modes. The two modes have been converted to pure
bending and similar to bending mode of a cantilever beam.

The increase in fastener numbers on Y panels has resulted in increasing system frequency. Y
panel oscillations at 88 and 94 Hz frequencies increased to 311 and above 350 Hz respectively.
Modes 4 and 5 although above 135 Hz requirement, are of particular interest as it is seen to
excite the door assembly. The origin of this excitation was the interfacing method used to attach
door assembly (threads in hinge attaching to -Y panel). As a precautionary measure, fastener
attachment was shifted to guide mechanism from -Y panel for further versions to provide
resistance to this form of excitation. This change caused difficulty in integration of door
assembly which is further discussed in Section 7.1.
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The structure model at this stage was modified to form version 1 of lateral single pod
configuration. This model was the first model which had system frequency range close to the
requirement. As discussed previously, the first two modes of vibration of this version would
be specific to this configuration due to the nature of their deformation. Hence this structural
model was chosen to be modified into version 1 of lateral configuration. Detailed discussion
of this analysis is carried out in Section 5.7.1.

Design of single pod longitudinal configuration was halted at this stage. The implications of
which are discussed in Section 5.11.

5.7 Lateral Design Progression

In this section, the design progression of the lateral configuration of single pod PDS is
discussed. A detailed discussion on single pod system configurations are discussed in Section
4.9 and only structural analysis of the lateral configuration is discussed in this section. As stated
in previous section, design for lateral configuration was derived from version 2 of longitudinal
configuration.

The CAD model for this version of PDS was derived from longitudinal configuration version
2. Launch vehicle fixtures were moved from -Z panel in the longitudinal configuration to -Y
panel for this configuration. The number of interfaces between PDS and launch vehicle was
increased from 4 in previous version to 10 numbers. Increase in interfaces was to accommodate
increased surface area on the panel in contact with launch vehicle and to increase frequency of
modal excitation.

Total structure mass of this version was 865 grams. Increase of 15 grams compared to version
2 (longitudinal) is expected as -Y panel width is increased to accommodate launch vehicle
fixtures. Structural design of the configuration is shown in Figure 74.

Figure 74: Structural element design lateral version 1.

Modal result summary for lateral version 1 is shown in Table 22, with modal deformations
shown in Figure 128. First mode of vibration for this configuration was at 89.7 Hz with highest
participation factor. Deformation of this mode as seen in Figure 128 is primarily bending in X
direction. With an exception of this mode, all other modes meet the minimum natural frequency
requirement. For a similar structure mass, this configuration when compared to the
configuration it has been derived from (longitudinal-version 2) reveals higher structural
stiffness.

In order to increase frequency of first mode above 135 Hz, the number of fasteners on -Y panel
will increased from 10 to 16. Increasing the number of fasteners between -Y panel and guide
mechanism would resist bending deformation along X direction which would increase modal
frequency.
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Table 22: Modal result summary — Lateral Version 1.

Mode Number Frequency (Hz)
1 89.777
166.13
175.61
223.69
238.92
295.03

oo w|IN

The overall structural model for this version of lateral configuration is extremely similar to
version 1 structure. As mentioned previously, total fasteners between -Y panel and guide
mechanism was increased to 16 numbers to resist structural deformation of mode 1. Structure
mass for this version was 870 grams.

Modal result summary for lateral version 2 is shown in Table 23, with modal deformations

shown in Figure 129.
Table 23: Modal result summary — Lateral Version 2.

Mode Number Frequency (Hz)
1 146.72
2 196.66
3 231.93
4 236.03
5 307.41
6 403.82

It is evident that increasing the interfaces has stiffened the structure and increased the frequency
of 1% mode. This version of the PDS meets the minimum frequency requirements with the
lowest natural frequency at 146 Hz. However, it is not clear if structure mass could be further
reduced.

In order to understand the system natural frequency dependency on structural design variables,
a parametric study was performed on this structure. Detailed description of the parametric study
is discussed in Section 5.10. Modifications to obtain version 3 single pod lateral configuration
structure were based on results obtained from parametric study.

The changes incorporated for this version were based on parametric study results. As discussed
in Section 5.10, during the study, individual parameters were varied from the baseline
parameter values. Varying multiple parameters at once would vary system frequencies similar
to trends predicted by parametric study. However, the magnitude of change in system
frequency would differ from parametric study results.

Modal result summary for lateral version 3 is shown in Table 24. Result summary also includes
the changes that were incorporated to structural elements. In the beginning, thickness of £X
and -Z panels were reduced to 0.5 mm each. This change resulted in frequency of mode 1 to
drop to 123 Hz. To stiffen structure, 3 vertical ribs were added to +X and -X panels on the
outside. Further, +Y panel thickness was reduced to 0.5 mm and total system mass was reduced
from 870 to 725 grams based on the changes.
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Table 24: Modal result summary — Lateral Version 3.

Decreased Increased -Y
iX,_-Z panel Added ribs +Y panel _ par)el Added boss
Changes thickness . dimensions to to LV
on =X panels | thickness .
0.5 mm accommodate interface
0.5mm .
LV interface
Mass (grams) 750 771 725 735 737
Mode Number Frequency (Hz)
1 123.1 138.31 153.3 152.36 156.4
2 174.63 174.72 174.6 211.87 174.57
3 188.68 188.89 184.36 265.92 184.31
4 202.15 213.27 197.84 279.54 193.85
5 247. 253.74 206.6 313.22 197.93
6 252.42 308.74 215.29 326.06 207.45

Upon initial random vibration study on this structure, there was a need to increase launch
vehicle fixture distance and a boss of height 2 mm was added to these interfaces. Final structure
after all modifications is shown in Figure 75. Structure mass after all modifications was 737
grams. The modal deformations once above mentioned structural changes are incorporated is
shown in Figure 130.

Figure 75: Structure design lateral version 3.

As stated in previous sections, dynamic study results are derived from modal analysis results.
For this version of single pod lateral PDS having met the desired natural frequency
requirements, static and dynamic load analysis is carried out to verify if member stresses are
within desirable range. Excitation loading direction is varied in each axis and result summary
is shown in Table 25. It is to be noted that the values recorded in Table 25 are maximum values
for all variables. The location of occurrence of these maximum values can be found in Section

11.1.5.
Table 25: Structural analysis result summary single pod lateral.

Direction of Excitation X Y Z
Quasi- Deformation (mm) 0.29007 | 0.19786 | 0.12593
Static Stress (MPa) 123.16 87.285 41.312

. ) Deformation (mm) 0.096316 | 0.055922 | 0.033027
Sinusoidal
Stress (MPa) 35.547 19.821 10.828

Deformation X (mm) 1.1466 | 0.059931 | 0.084836

Deformation Y (mm) | 0.88818 1.0317 | 0.70273

Deformation Z (mm) | 0.16933 | 0.40054 | 0.47371
Stress (MPa) 375.1 344.87 244.95

Random

The detailed structural response of all analyses are shown in Figure 131 to Figure 145.
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Table 26: Design margin of safety — Single pod.

Direction of Excitation X Y Z

Margin of Safety 0.656639 | 0.039878 | 0.582012
Based on structural analysis results, margin of safety is calculated for all three excitation axes.
Margin of safety is calculated considering cumulative stress values based on all analyses and
Equation (51). Table 26 shows the margins of safety in respective directions for single pod
PocketQube Deployment System. Margin of safety for all three mutually perpendicular
directions are positive, hence, the structure meets the design acceptance criteria.

Having discussed the design progression of longitudinal and lateral configurations of single
pod PDS, sensitivity studies are discussed further.

5.8 Sensitivity to PQ Mass Distribution

Mass distribution of PocketQubes can vary along the length of the deployer depending on the
combinations of PocketQubes housed within. The details of PocketQube combinations which
can be accommodated within the deployer envelope is discussed in Section 2.10. Therefore,
for structural analysis, it becomes important to study the effect of PQ mass distribution on
analysis results.

For this study, 3 different PocketQube combinations in rail were considered namely, 2
PocketQubes of size 3P, 3 PocketQubes of size 2P and 6 PocketQubes of size 1P. The 3
combinations were chosen as any other possible combination will be a combination of one or
more these configurations. All PocketQubes were represented as point masses of appropriate
mass at their respective CoM as discussed in Section 5.2.2.
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Figure 76: PQ mass distribution sensitivity study.

The analysis was performed on single pod lateral configuration (version 2) model. This model
was chosen as it was the first structural model to meet natural frequency requirement. Similar
to previous sections, modal analysis was chosen as it is the input step for further FEM analysis.
Table 53 shows the results of this study. Change in natural frequency of the structure is
negligible for the different PocketQube combinations with a maximum error of 0.98 % for 6 x
1P combination.

Analysis sensitivity to PQ mass distribution is graphically represented in Figure 76. Natural
frequency of structure is normalized to 2 PocketQubes of size 3P configuration at different
modes to understand the variability of natural frequency with PQ combinations.
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Mode number 8 shows highest deviation in system frequency. However, this deviation results
in about 1% error in frequency and the net drop in frequency of this mode is about 4 Hz.
Frequency deviation for other modes is negligible and therefore, it can be concluded that
distribution of PocketQubes along rail does not change stiffness of structure in any significant
manner.

Based on this study, it can be inferred that natural frequency of the PDS structure is not
sensitive to the size of PocketQube held in pod.

5.9 PQ Centre of Mass Sensitivity Study

This section of the study investigates the dependence of system frequencies on location of PQ
centre of mass. The location of centre of mass of a given PocketQube is restricted by the
PocketQube Standard. According to requirement number ‘PQ-Mass-04’, the centre of mass of
a given PocketQube must lie within a sphere of radius 1 cm from its geometric centre [2].

The objective of this study was to quantify the change in PDS structural stiffness to changes in
location of PQ centre of mass. This study was conducted on the aforementioned structural
model mentioned in PQ mass distribution sensitivity study detailed in Section 5.8. Further, 6
PQs of 1P unit size were considered to be placed within the pod. The reason for this decision
was that structural sensitivity was greater for this combination than other PQ combinations in
rail which was discussed in previous section.

As PQ CoM can lie anywhere within the specified spherical volume around its geometric
centre, a total of six discreet points were chosen for this study. For systematic sensitivity study,
6 points are chosen at a distance of 10 mm from geometric centre along +X,-X,+Y,-Y,+Z and
-Z directions. In choosing these set of points, the effect on system mass to change in PQ CoM
for a particular axis can be quantified.

System natural frequency sensitivity to PQ CoM is shown in Figure 77. Variation of system
frequencies are compared to when the CoM is placed at geometric centre for all three axes. It
is to be noted that launch vehicle fixture is located on -Y panel for this configuration.

For variation of CoM in X direction, all vibration modes but for modes 3 and 4 are unaffected.
Mode 3 drops in frequency whereas mode 4 increases. However, the drop in frequency for
mode 3 is not significant to affect the system as natural frequency for this mode is high. It was
noted that system frequency is insensitive to direction of movement from geometric centre in
X axis as the model is symmetric across this axis.

For variation of CoM in Y direction, three modes show significant sensitivity. Mode 1 and 4
increase in frequency for a CoM shift in -Y direction from geometric centre. As stated
previously, the LV fixture is located on -Y panel and translating PQ mass closer to LV fixture
therefore stiffens the structure as expected. For CoM shift towards +Y direction, the effect is
opposite for modes 1 and 3. Drop in frequency is expected as CoM shifts further from LV
fixture. Mode 3 experiences a drop in frequency more significant than X direction case,
however, it is still not significant enough to reduce modal frequency below requirement.
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Figure 77: PQ centre of mass sensitivity study.

For variation of CoM in Z direction, there is no significant change in system frequencies.
Therefore, it can be concluded that change in PQ CoM in Z direction does not affect structural
stiffness.

Based on this study, structural stiffness does not vary for changes in X and Z directions.
Adverse effect was observed for CoM translation towards +Y direction and care must be taken
to ensure minimum natural frequency is met for this condition as first mode drops in frequency.
Additionally, when CoM is translated in both X and Y directions, care must be taken to ensure
frequency of mode 3 does not fall below requirement.

It is also important to note that for this study, all 6 PocketQubes (1P) centres of mass housed
within the pod are translated in the directions stated. However, in real case scenario not all
PocketQubes will have their centres of mass displaced along the same direction. Hence, this
study accounts for an extreme case scenario. Based on this study, system designers/integrators
can choose PQ combinations within a pod to account for changes in system frequencies.

5.10 Parametric Study

The objective of this study is to quantify the variation of lowest PDS natural frequencies to
changes in parametric values of different structural members. Each study parameter is
individually varied while all other parameters are fixed to a baseline value. By quantifying the
system frequency variation, appropriate parameters can be chosen to reduce system mass while
aiming to meet system frequency requirements.

Parametric study is conducted on modal analysis as it is the input step for further structural
analysis of the system. For this study, the PDS model chosen was version 2 of lateral
configuration. The model was chosen as it was the first model to meet the natural frequency
requirements described in Table 13. The baseline values of the parameters studied under this
section is listed Table 52 with system frequencies in Table 23.

81



The modal results of the parametric study for -Y panel thickness is shown in Figure 78. While
Figure 78 shows the variation of natural frequency of the PDS as a function of -Y panel
thickness, it is hard to quantify the change in magnitude of system natural frequency.
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Figure 78: Parametric Study -Y panel thickness.
In order to quantify the magnitude of change in natural frequency of the system with changing
parametric values, study results are normalized to the baseline case. Figure 79 shows the
normalized natural frequency as a function of -Y panel thickness. For the baseline case, -Y
panel thickness was chosen to be 1 mm and in Figure 79 for thickness value of 1, natural
frequency of all six modes has been represented as 1.
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Figure 79: Parametric Study -Y panel thickness.

Such a representation doesn’t imply that all 6 modes have the same natural frequency at 1Imm
thickness. The real value of frequency of different modes for the baseline is shown in Table
23. Comparing modes 1 and 2 in Figure 78 and Figure 79, for a thickness of 0.5 mm, although
frequency is dropping for the two modes from the baseline case, drop in frequency of mode 2
is the greatest of all the modes while the drop in frequency of mode 1 is the least. Therefore,
representing parametric study data as normalized frequency graph such as in Figure 79, helps
in quantifying the drop or gain in system natural frequencies. All further parametric study data
is represented as such.

Further, in Figure 79 the vertical axis on the right hand side represents structure mass of the
PDS. PDS structure mass for the baseline case was 862 grams and when -Y panel thickness is
reduced to 0.5 mm, mass decreases to 806 grams saving about 55 grams. However, the
consequence of removing this mass from the structure is that first six natural frequencies drop.
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Mode 2 experiences the biggest drop in frequency of about 20% and mode 1 experiences a
frequency drop of about 4% to the baseline case.

Similarly, the results of the parametric study for the different parameters are represented from

Figure 81 to Figure 86.
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Figure 86: Parametric Study rib thickness.

Fig

ure 83: Parametric Study rib horizontal thickness.

The individual results for the different parameters are represented in the previous section.
However, to gain an overall understanding of the effect of each parameter and their influence
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on system natural frequency, a parametric study correlation matrix was generated. The
correlation matrix is shown in Figure 87 and its legend in Figure 88.

This depiction uniformly quantifies the variation of system frequency and mass to changes in
parameters chosen for the study. To convert the results shown between Figure 79 and Figure
86 to the correlation matrix in Figure 87, the modal variation and structure mass saved are
normalized to 1 mm change in parametric thickness.

Variation in Natural Frequency (Mode Number) Mass
1 2 3 4 5 6 Saved

Parameter

-Y Panel Thickness
+Y Panel Thickness
-Z Panel Thickness
+X Panel Thickness
-X Panel Thickness
Guide Mechanism Parameter 1
Guide Mechanism Parameter 2
Rib Thickness H
Rib Horzontal Thickness
Figure 87: Parametric study correlation matrix.
A positive correlation between thickness and modal frequency means that as thickness of a
parameter increases, frequency of the respective mode increases. And a negative correlation
signifies that frequency increases with decreasing thickness. As a designer we prefer negative
correlation as it would mean structural stiffness increases with decreasing thickness implying
decreasing component mass.

Modal Relation Legend Mass Saved per mm
change (grams)

125.00

Negative 107.14

Correlation 89.29

71.43

Neutral 53.57

. 35.71
Positiv

Co?rseltati(:)n 17.86

0.00

Figure 88: Parametric study correlation matrix legend.

In Figure 87, for a parameter, we are looking for negative correlation (green) or neutral colours
in modal relationship and greater saturation in cyan for mass saved. It is evident that decreasing
Rib thickness would increase first six structural natural frequencies (indicated by the greens).
However, thickness value of 5 mm was chosen due to the constraints of tapped hole required
for fasteners attaching +X and -X panels to the rib. Similarly, Guide Mechanism Parameter 1
was fixed to 3 mm to allow for minimum thread engagement length for fasteners attaching -Y
panel.

Further, for reducing structure mass, the effect of parameters on mode 1 is considered as it is
the natural frequency closest to the cut off frequency of 135 Hz (PDS-LVR-005 & Table 13).
Other modes are sufficiently high that even a considerable drop of structural frequency would
still result in a frequency above the cut off frequency.

Based on all of the considerations mentioned above, a design decision was taken to reduce
thickness of certain parameters. The summary of the changes is enumerated in Table 52.

84



With the changes mentioned a total structure mass of 178 grams was saved while ensuring first
system natural frequency is above cut off frequency. Based on the outtakes of parametric study,
version 3 of PDS lateral configuration is derived. Details of which are discussed in Section
5.7.3.

5.11 Single Pod Result Summary

Having concluded the discussion on design progression of single pod PDS and analysing the
structural stiffness sensitivity in previous sections, a summary of the design is presented in this
section.

Modal result summary for single pod structure design is shown in Figure 89. First six modes
of vibration are plotted for the versions along with system mass.
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Figure 89: Single pod result summary.

For longitudinal configuration, although frequency of higher modes increased between
versions 1 and 2, first two modes do not shown any rise in frequency. As discussed earlier, this
phenomenon was attributed to behaviour of structure similar to a cantilever beam. This
prediction was proved right with structure stiffness increasing with a change in LV mounts in
lateral configuration version 1.

Hence, lateral configuration is the preferred configuration for single pod PDS. However, this
configuration occupies greater launch vehicle surface area. For typical launchers, this factor
would not be limiting in case of launch vehicle selection. However, if minimizing launch
vehicle surface area is a priority, lateral configuration can be mounted similar to longitudinal
configuration using a large L bracket with stiffening members on its diagonal.

Lateral configuration version 3 mass reduction is possible due to parametric study results. In
Section 5.9 it was discussed that first natural frequency of the structure drops when PQ centre
of mass shifts away from launch vehicle mounting surface. Taking into account the margin
provided by a conservative approach on the FEM methodology discussed in Section 5.3.2,
frequency drop is not expected to drop below cut off frequency (135 Hz) for this case.

The discussion on single pod PDS is thus concluded. Structure design progression of multi pod
PDS is discussed in further sections.
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5.12 Multi Pod Design Progression

Having seen the design progression of single pod PDS configurations, this section will detail
the design considerations and progression for the multi pod PDS. At early stage of structure
design for the multi pod PDS, it was decided to use a quarter symmetric model as structural
symmetry was present across X and Y axis. Solving a symmetric FEM model reduces system
resources required to obtain the solution. However, it was evident early on that using a
symmetric model for modal analysis would not capture all system dynamic characteristics.

Therefore model size reduction was not possible for structural analysis of multi pod PDS. In
order to obtain analysis solution for the large model, HPC-12 computation capabilities were
utilized. The solution for multi pod PDS was run in Ansys batch mode on distributed Linux
machine.

Preceding the discussion on different versions of structural design of multi pod PDS, we define
the launch vehicle load characteristics for this system. Quasi-static and harmonic acceleration
values are independent of system mass. However, random vibration input PSD levels drop
when system mass is greater than 22.7 kg.

Random Vibration Load Reduction
NASA GEVS Acceptance
NASA GEVS Qualification (<22.7 kg)
NASA GEVS Qualification (30 kg)
—8— NASA GEVS Qualification (32.848 kg)
0.2
N 015
kS
A 0.1
e
0.05
0
10 100 Frequency (Hz) 1000

Figure 90: Random input PSD levels for multi pod PDS.

The reduction factor in plateau of random vibration input PSD is dependent on the mass of the
multiple pod system and is given by Equation (52). The slopes of input PSD shall remain at +6
dB per octave [51].

PSD(s50-g00 Hz) = 0.16 * (22.7 /mpps) (52) [51]

Visual representation of this drop in input PSD is shown in Figure 90.

Some changes had to be incorporated to the multi pod PDS structure to accommodate essential
elements. Pod length of the outer pods in Y direction had to be increased by 16 mm in the same
direction. This increase was to accommodate hold down of pin puller for the outer pods and
door actuation clearance of inner pods. Detailed log of all changes is presented in Section 6.3.1.

It is to be noted that the solution methodology to obtain eigen values and eigen vectors for

multi pod modal analysis was changed from an iterative solver to a direct solution method. The
change was incorporated as iterative solver convergence criteria was not satisfied for this
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model. There was no change in solution accuracy between methods, however, the direct
method consumed additional physical memory during solution.

Having discussed relevant differences for structural design, design progression of multi pod
PDS is discussed further in detail.

Version 1 of the multi pod PDS was envisioned to compare and evaluate the optimum
orientation of the PDS structure for achieving maximum structural stiffness. Exploded views
of the structural elements for this version are shown in Figure 91. Lateral X configuration,
lateral Y configuration and longitudinal configuration are shown in Figure 91 respectively. The
panels that contain launch vehicle fixture are shown in magenta for ease of distinguishability.

Lateral X Lateral Y

Longitudinal
Figure 91: Structural element design multi pod version 1.

Lateral Y structure is based upon configuration 3 from Figure 61 and lateral X, longitudinal
structures are based upon configuration 4 from Figure 61. Although configurations 3 and 4
from Figure 61 use the same amount of structural elements, configuration 3 was chosen for
lateral Y structure as it reduces the overhang of guide mechanism from launch vehicle fixture.
Reducing overhang increases structural stiffness as observed during single pod design in
Section 5.7.

Table 27: Configuration results for multi pod version 1.

c Mu.lt' poq Lateral X | Lateral Y | Longitudinal
onfiguration
Mode Frequency (Hz)

1 13.222 10.302 26.383

2 20.969 18.754 27.016

3 23.342 20.909 29.388

4 25.084 21.273 34.473

5 37.352 24.866 38.265

6 39.768 31.556 55.802
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Further, mass of different configurations were similar and averaged to about 8.6 kg. Having
similar system mass for the configurations allows for a direct stiffness comparison between
them. All other variables were tightly controlled and system natural frequencies for different
configurations are shown in Table 27. Significant modes for the different configurations are
highlighted red in Table 27.

It was observed that longitudinal configuration having fixture on -Z panel has the highest
stiffness. Stiffness of lateral X and lateral Y configurations are similar with lateral X having
marginally higher system frequencies. Based on these results, further structural design of multi
pod PDS would be considering the longitudinal configuration because the configuration
provided highest stiffness for similar structure mass.
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Figure 92: Modal analysis results longitudinal multi pod version 1.

Further, of the system frequencies shown in Table 27, for longitudinal configuration, mode
number 1 and 4 at 26.3 Hz and 34.4 Hz are the significant contributors having high participation
factors. Deformation of significant modes for longitudinal configuration is shown in Figure 92.
Mode 1 had the highest participation, with bending deformation in Y direction. Therefore,
stiffening ribs are necessary to limit deformation in this direction.

For version 2 of the multi pod PocketQube deployer, 2 numbers of side rib are added. Each
side rib has a mass of 250 grams and are fixed to +X and -X panels to increase stiffness in Y
direction. In order to save mass, thickness of £X panels were reduced to 0.5 mm which saved
about 235 grams on each panel. Additionally, mid rib in X direction was combined from four
individual elements to a single rib saving about 75 grams. Combining mid rib is expected to
limit modal interaction in X direction. The orientation and dimensions of structural elements
are shown in Figure 93.

Lo |

e 500

8 g
L
Figure 93: Structural element design multi pod version 2.

As a result of the changes to structure, the frequency of mode increased from 26.3 Hz to 28.12

Hz in Y direction and from 34 Hz to 58 Hz in X direction. The dimensions were varied for the
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mid rib and side ribs to observe the changes in structural stiffness. Increasing the thickness of
ribs only increased system mass and did not result in significant changes to system frequency.

It is evident from the change in system frequency that structural stiffening increased in X
direction due to combining the mid rib in that direction. However, structural stiffness in Y
direction did not change in any significance. In order to increase stiffness of the structure in
this direction, an additional rib in this direction is envisioned at the middle of PDS structure.
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Figure 94: Modal analysis results multi pod version 2.

Further, there is a need for stiffening at the middle of structure in both X and Y directions. A
continuous rib was proposed for Y direction as the participation factor for this mode was
higher. In doing so the middle rib seen in Figure 93 has to be divided into two ribs to allow for
a continuous rib perpendicular to it. Additionally, this rib is renamed to mid rib X and the one
perpendicular is addressed as mid rib Y in future versions.

As discussed in previous section, mid rib Y was to be continuous and mid rib X was split into
two elements having equal dimensions. Horizontal width of mid rib X was reduced to 10 mm
from 15 mm and diagonal ribs were added to stiffen structure as a compensation for the split.
Width of diagonal ribs was 5 mm.

Figure 95: Structural element design multi pod version 3.

As a starting point, mid rib Y had same dimensions as side rib shown in Figure 93. However,
frequency of significant mode rose from 28 to 30 Hz while system mass was 8.024 kg. When
horizontal rib width of mid rib Y was increased to 15 mm from 5 mm, frequency increased to
35 Hz with system mass of 8.105 kg.

In order to increase modal frequency while not affecting system mass, horizontal width was
reduced back to 5 mm and diagonal ribs were added as shown in Figure 95. System mass was
8.11 kg and modal frequency increased to 53.2 Hz in Y direction. However, lowest system
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frequency was at 43.6 Hz which was a torsional vibration mode. Frequency of significant mode
in X direction was at 60.3 Hz indicating similar structural stiffness as VVersion 2 in X direction.
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Figure 96: Modal analysis results multi pod version 3.

Changes to diagonal rib width of mid rib Y did not result in an increase of system frequency.
Deformations of the different modes for this version is shown in Figure 96. 1% mode
deformation is maximum at the top at 43.6 Hz. To limit this deformation, a rib is required at
the top of multi pod PDS structure.

With deformation being greatest near top of structure for the lowest frequency of version 3 as
seen in Figure 96, a top rib is added to the structure. In order to accommodate the top rib with
a thickness of 5 mm, the guide mechanism would be shortened in Iength by the same amount.
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Figure 97: Structural element design multi pod version 4.

Exploded view of the structure and dimensions of ribs are shown in Figure 97. Once the top
rib was added, structure mass increased to 8.32 kg. Adding the top rib increased the lowest
structural frequency to 97 Hz and deformation of this mode was primarily in Y direction. In
order to decrease system mass thickness of +Y panels were reduced to 0.5 mm from 1 mm.
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With a decrease in panel thickness, structure mass reduced to 7.956 kg with frequency of
primary mode increasing to 98 Hz. As the modal excitation direction was primarily along Y
axis in the middle of the structure, mid rib Y ribs were changed from diagonal ribs to x ribs as
shown in Figure 97. Width of all x ribs were 5 mm. Adding these additional diagonal ribs
increased the system frequency from 98 to 107 Hz with system mass being 8.11 kg.
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Figure 98: Modal analysis results multi pod version 4.

For primary mode at 107 Hz, maximum modal deformation was displaced from top of structure
to middle of guide mechanism. Top rib resists deformation at structure top hence, modal
deformation displaces to the middle. The deformation of this mode is shown in side view in
Figure 98.

In order to resist deformation of mode at 107 Hz in version 4, two ribs as shown in Figure 99
were added to the middle of guide mechanism. Holes were provided on guide mechanism to
accommodate the ribs.

£9.00

Figure 99: Structural element design multi pod version 5.

Upon addition of the two ribs, modal frequency increased from 107 Hz to 109 Hz. However,
modal deformation moved up along the length of the guide mechanism. Hence, two additional
ribs of same dimensions were added to this location to resist the said deformation. In total there
were four similar ribs and this increased the system frequency to 125 Hz with system mass
being 8.2 kg.

It was observed that an insignificant mode was present at 122 Hz after the structural changes
mentioned before and significant vibration mode at 125 Hz was in the Y direction which was
same as version 4.

In order to increase the frequencies of the two modes, modification of top rib was required.
However, a decision was taken not to increase thickness of top rib in Y axis as it would cause

91



interference with PQ appendage volume. It was possible to increase the thickness of top rib in
X axis and it was increased to 9 mm from 6 mm in version 4 with system mass increasing to
8.36 kg.
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Figure 100: Modal analysis results multi pod version 5.

Increasing top rib thickness in X axis increased system frequency. Insignificant mode increased
to 137.8 Hz and significant modes in Y and X directions were at 141.5 Hz and 159.4 Hz
respectively. Modal deformations of these modes are shown in Figure 100.

Having made all the described changes to the structure of multi pod PDS, natural frequency
requirement is met by this version. Launch vehicle loads were applied to this version of multi
pod PDS and the results of these analyses are discussed in Section 5.13.

5.13 Multi Pod Result Summary

With detailed discussion on multi pod structural design concluded in previous section, a
summary of the design is presented in this section.

Modal result summary for the multi pod design versions is shown in Figure 101. Significant
system natural frequencies, lowest frequency and configuration system mass are plotted for the
various configurations discussed previously.

It is to be noted that in Figure 101 lowest natural frequency is plotted only for longitudinal
configuration versions 3 and 5. It was for these versions that lowest frequency did not coincide
with significant mode in a direction. Additionally, for longitudinal configuration versions 4
and 5, significant mode in Z direction is out of range of plot in Figure 101.
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Figure 101: Multi pod result summary.

System mass increases for transition from longitudinal version 2 to 3 due to the addition of mid
rib in Y direction and for version 4 to 5 due to addition of 4 ribs at the middle of guide
mechanism and thickening of top rib in X direction.

Based on the experience of single pod PDS structural design, version 5 of longitudinal multi
pod structure was modified before conducting launch vehicle load analysis. A boss of 2 mm
height was added near the launch vehicle mounting locations on -Z panel. The addition of boss
did not result in any significant changes to system frequencies. Summary of load analysis in
different directions is shown in Table 28. It is to be noted that the values recorded in Table 28
are maximum values for all variables. The location of occurrence of these maximum values

can be found in Section 11.1.6.
Table 28: Structural analysis result summary multi pod PDS.

Direction of Excitation X Y Z
Quasi- Deformation (mm) 0.25494 0.30428 | 0.094096
Static Stress (MPa) 118.3 79.971 51.5

. ) Deformation (mm) 0.087023 0.13636 | 0.028895
Sinusoidal
Stress (MPa) 25.852 32.535 7.2532

Deformation X (mm) 1.0679 0.40197 0.16402
Deformation Y (mm) 0.34647 1.4956 0.59069
Deformation Z (mm) 0.63157 0.52229 0.83749

Stress (MPa) 387.19 356.64 258.07

Random

The detailed structural response of all analyses are shown in Figure 146 to Figure 157. Based
on structural analysis results, margin of safety is calculated for all three excitation axes. Margin
of safety is calculated considering cumulative stress values based on all analyses and Equation
(51). Table 29 shows the margins of safety in respective directions for multiple pod
PocketQube Deployment System. Similar margins of safety were obtained when random input
PSD was changed to less than 22.7 kg levels.

Margin of safety is positive for excitation in Y and Z directions. However, MoS is negative for
excitation in X direction. The occurrence of maximum stress for this loading axis is at the
launch vehicle mounting location holes on -Z panel (seen in Figure 148, Figure 149). Two
solutions are proposed to obtain a positive MoS in X direction. To increase height of boss in
order to distribute encountered forces over a larger surface or to manufacture -Z panel using
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titanium alloy. Increasing the boss height to 3 mm increased system mass by 4 grams and
changing the material to titanium increased it by 207.5 grams. Therefore, the preferred solution
is to increase height of boss.
Table 29: Design margin of safety — Multi pod.
Direction of Excitation X Y Z
Margin of Safety -0.115447301 | 0.001820329 | 0.48347722

Although margin of safety is positive for loading in Y direction, this orientation is not preferred
for launch vehicle mounting. In Figure 152, directional deformation in Y direction is maximum
(~1.5 mm) near the pin puller mounting location. Although measured deformation is not
critical, it increases the likelihood unintended release of door mechanism due to dynamic
loading. Hence, this mounting orientation is not preferred and the alternative for this mounting
would be coinciding the launch vehicle longitudinal axis with X axis of PDS.

The multi pod PDS structure in its current form meets design acceptance for Z axis and would
meet design acceptance in X axis if proposed changes to LV interface boss height are
implemented.

The material selection for the different structure components were based on maximum stress
experienced by the component. Material selection for the components for single and multi pod
configurations are listed in Table 55 and Table 56. Limiting factor for the structure from a
launch vehicle load perspective was the random vibration input levels. Response analysis for
the shock spectrum consistently yielded stress values lesser than 3o estimations of structure
random response.

This concludes chapter discussion on structural analysis of the PocketQube Deployment
System. Final design, prototyping and system integration is discussed in further chapters.
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0.

Final Design

The chapter is dedicated to discussion on the final design of PocketQube deployment system.
PQ stacking, Single pod, and multi pod final designs are discussed followed by discussion of
safety and additional features. Mass and cost budgeting for the systems are conducted to
estimate total costs for the respective systems.

Deployer ratios of the single and multi pod PocketQube deployers are compared with CubeSat
deployers to evaluate overall system performance. Finally, costing of deployers is carried out
to evaluate suitable system configuration when PocketQubes deployed per mission is between
the capacity of single pod and multi pod system and costs are compared to existing deployers.

6.1 PocketQube Order in Pod

In this section, the best permutation for stacking of PocketQubes within the deployer pod is
evaluated. For determining the order of spacecraft in deployer pod, two spacecraft properties
have to be considered. They are: PocketQube size and PocketQube centre of mass (CoM) with
respect to its geometric centre (GC). The sensitivity of system natural frequency to changes in
PQ centre of mass was discussed in Section 5.9. Dimensions and mass of different PocketQube
unit sizes was discussed in Section 2.2.

Of the two properties mentioned above, change in centre of mass of spacecraft would be
considered with higher priority (due to sensitivity of system natural frequency). The allowable
change in spacecraft CoM is constrained by the PocketQube standard and has a maximum
value of 10 mm in any given direction [2]. If the PocketQubes follow the standard and their
CoM are located within the stipulated region around their geometric centre, then the
PocketQube order in pod will be dictated by the deployment velocity constraints discussed in
detail below.

In Section 4.8, the effect of deployment velocity vector on separation distance was discussed.
There it was concluded that, separation distance can be approximated as a product of
deployment velocity and time since separation till about 5 minutes post spacecraft separation.
Hence, higher deployment velocity indicates greater separation distance between spacecraft
and the launch vehicle.

Various combinations of PocketQubes which can be accommodated in deployer pod was
discussed in Section 2.10 and shown in Figure 19. Further in Section 4.3.4, it was concluded
that the magnitude of deployment velocity not only depended on the size of PocketQube but
also on its location in the pod. Of the different combinations shown in Figure 19, we consider
the combination containing each of 1P, 2P and 3P PocketQubes for this study.

This combination was chosen because it provides the greatest diversity of PocketQube sizes.
Hence, by analysing different permutations of this combination, a holistic perspective of
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optimum PocketQube order can be derived for other possible combinations. The said
combination offers 6 possible PocketQube stacking orders which are shown in Figure 102.

PocketQube Deployer Stack Permutations

1 3p 2P 1P | \WW\ 2P 1P 3p WV 4
2 1P 2P 3P WAN | 1P 3P 2P \W\W\ 5
3 3p 1P 22 [\WW 2P 3P 1P\ 6

PQ Deployment Velocity
—

Figure 102: Possible permutations of PocketQubes in deployer (specific case).

For the six stacking orders depicted in Figure 102, deployment velocity is estimated similar to
that conducted in Section 4.3.4 accounting spring load reduction after spacecraft separation.
Table 54 tabulates the deployment velocity of PocketQubes based on position in pod and
stacking order. It is to be noted that the top, middle, and bottom PocketQube in Table 54 is
with respect to the location of spacecraft in Z axis and the size of PocketQube changes based
on the order at each of the locations.

From values estimated in Table 54, relative velocities between launch vehicle and deployed
PocketQubes are calculated. The relative velocities for different PQ order in pod is shown in
Figure 103. Relative velocities are calculated as the difference between the respective
spacecraft deployment velocities. Any additional relative velocity imparted by the separation
springs is not accounted for. Therefore, this study can be considered as a conservative estimate.

Relative velocity between launch vehicle and deployed PocketQubes
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Figure 103: Relative velocities of launch vehicle and deployed PocketQubes (refer Figure 102).

It is the goal of this analysis to provide high relative velocity between objects which ensures
greater separation distance. From Figure 103, it is observed that the PocketQube order 1 and 6
depicted in Figure 102 offers highest relative velocity between the considered objects (launch
vehicle and deployed spacecraft). However, merely from a deployment velocity perspective, it
would be optimum to place 1P adjacent to pusher plate, 2P in the middle and 3P on top of the
pod (order 1).
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Assuming that centres of mass for the three PocketQubes considered (1P, 2P & 3P) lie at their
geometric centre, the different orders described in Figure 102 would have the same stack centre
of mass when stacked in the pod. In reality however, it is highly unlikely that the centre of
mass and geometric centre of PocketQubes coincide. Therefore, a the decision on order of
PocketQube in pod shall be based on the actual centre of mass of PQs.

Further in Figure 33, the mass of PQs considered were assumed to be equal to maximum
permissible mass for each type of PQ by the PocketQube standard. A change in PQ mass would
also result in change in CoM of the stack. In order to quantify the change in stack centre of
mass and relative deployment velocity when PQ masses are not equal, a similar study as
mentioned above is reasoned out.

6 numbers of 1P spacecraft are stacked in pod for this study and the mass of these PQs are
assumed to be successively reduced/increased by 10 grams each (0.25, 0.24, 0.23, 0.22, 0.21,
0.2 kg). These PQs are stacked in ascending and descending order of their mass in pod. The
relative deployment velocities of the two stacks were compared and it was observed that the
change in velocity is negligible for the two stack combinations. However, the stack centre of
mass changed by a value of 16.59 mm in Z direction (considering CoM at GC). The stack CoM
was lower when PQ with higher mass was placed lower in pod and this would be the preferred
stack order when PQs of same size but different mass are to be placed in the pod.

In this study, PocketQube mass properties (mass and centre of mass) were individually varied
while assuming other parameter to be according to the standard. Centre of mass of the stack of
PocketQubes in the pod is given by Equation (53) where, CoMstack is the centre of mass of
stack, CoMpq is the centre of mass of individual PQ, and mpq its mass.

2—-6
(meq), * (CoMpq),

Mgstack

(53)

CoMstacr =
i=1

It is seen from Equation (53) that, stack centre of mass is not only dependent on the individual
mass and centres of mass of PocketQubes but also on the location of PQ in pod. At this time
since the actual mass properties of PocketQubes are unknown, the centre of mass of the stack
shall be minimized from the perspective of deployment system stiffness. For the single pod
configuration, structure stiffness is sensitive to changes in stack CoM in +Y direction and it is
sensitive in +Z direction for the multi pod configuration.

In conclusion, when PocketQubes of same size are stacked in pod, the order in pod is dictated
by PQ mass. When PocketQubes of different sizes are stacked in pod, a decision has to be taken
on the order of the stack based on PQ size, mass, and centre of mass.

6.2 Single Pod

Final design of single pod PocketQube deployer is shown in Figure 104. Harness routing for
the system is shown in red. The harness on the launch vehicle end will be terminated with a 9
pin connector. This eliminates any timing electronics as trigger signal would be received from
the launch vehicle deployment sequencer. A total of 6 pins would be in use of which 4 will be
for deployment trigger signal (2 main, 2 redundant) and 2 for deployment telemetry signal.
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Figure 104: Harness routing single pod.

Venting of gases from within the pod during launch vehicle fairing depressurization in the
atmospheric phase of flight has to be accounted for. It was found that the clearance gap between
door assembly and pod panels are sufficient for venting.

6.3 Multiple Pod
The final design of multi pod PocketQube deployer is discussed in detail.

Certain changes have to be made to the structural design of multi pod system from the single
pod design. A list if these changes are based on structural analysis of multi pod system and
discussed below.

1. Reduced door length in Y direction by 5 mm because 5 mm thick rib was removed for
the configuration (between pods).

2. Attachment for door assembly is moved from rib to guide mechanism. As a result push
back assembly is moved towards the door hinge.

3. Increased pod dimensions of eight pods in Y direction by 16 mm to accommodate
adjacent door assembly clearance at its deployed position. The pods which have
increased dimensions are 1 to 8 (see Figure 108).

4. Guide mechanism length is reduced by 5 mm to accommodate top rib. As a result,
Hinge 2 and door retainer plate length was increased by 5 mm.

5. Side ribs of 2 numbers were added adjacent to +X panels, and mid ribs were added
between pods in X and Y directions for additional stiffening.

This concludes the list of changes made for the multi pod structure components.

The final launch vehicle footprint of multi pod PDS is shown in Figure 105. Final footprint
dimensions of multi pod PDS are close to preliminary dimensions estimated in Section 4.10.1.
PDS footprint dimensions are similar to multi pod CubeSat deployers. Hence, PDS-LVR-010
requirement is satisfied enabling multiple launch vehicle adaptability of the deployment
system.
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EXOPOD 12U - 295.5 x 460 mm
| CSD 12U - 270 x 400 mm
| ISIPOD 12U - 260 x 360 mm

| PDS 96P - 319 x 368 mm

Figure 105: Multi pod deployer final footprint comparison.

In this section, an understanding on the time delay between successive pod door actuation is
considered. Time difference between successive door actuations must be optimized
considering adequate separation between spacecraft and total time required for the release of
all PocketQubes.

Assumption for this analysis is that PocketQubes deployed from different pods have identical
velocity vectors. Separation distance between PocketQubes is calculated as the product of
deployment velocity and time between actuation of successive pods based on results discussed
in Section 4.8. Note that as PDS would be mounted on final stage of the launch vehicle, the
separation distance is the distance between the deployed PocketQubes and launch vehicle upper
stage.

Based on Figure 34 where PDS deployment velocity for PocketQubes ranges from 1 to 2.2 m/s,
velocity is varied from 1 to 2.4 m/s for this analysis. Figure 106 shows the variation of
separation distance with deployment time between pods and PocketQube deployment velocity
for stated range.
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Figure 106: PocketQube separation distance variation.

The goal of this study is to select the time between successive pod door actuations. Ideally,
long separation time would be considered, however, as PDS would not be a primary payload,
the actuation time between pods shall be as little as possible to ensure injection parameters of
the launch vehicle are met for all of its payloads.
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A PocketQube of size 3P has a maximum dimension of 192 mm in Z axis. The deployer
envelope volume being 6P for a pod, the maximum dimension of PocketQubes will be less than
0.5 m in the direction of deployment (Z axis). Hence, a separation distance of 10 meters is
selected which is sufficiently higher than PocketQube largest dimension.

Considering minimum deployment velocity of 1 m/s as a conservative estimate and a
separation distance of 10 m, the time between successive pod door actuation is selected to be
10 seconds. In real world scenario, it is highly unlikely that deployment velocity vectors of
PocketQubes will be unidirectional. As we have considered worst case magnitude of
deployment velocity, the separation distance will be greater than 10 m for most actuations.

Angular separation of deployment velocity vectors between successive deployments can be
estimated. For this estimation the assumptions are:
1. Launch vehicle upper stage is in a circular earth orbit. Hence, orbital velocity along is
orbit does not vary.
2. Considering upper stage mass is considerably higher than injection spacecraft, velocity
change of launch vehicle due spacecraft injection is negligible.
3. Launch vehicle upper stage attitude does not vary during PQ deployment process.
4. PocketQube deployment velocity vectors are tangential to orbital plane and
perpendicular to instantaneous orbital radius vector (parallel to LV velocity vector).

Orbital period for an object in circular orbit is given by Equation (54), where tp is the orbital
period, Re radius of earth, h, orbital height, and pe the gravitational parameter for planet Earth.

() =21 /M (54)
HE

Considering orbital velocity vector rotates an angle of 360° over an orbit, Figure 107 is arrived
at for varying deployment time between pods. Angular separation of deployment velocity
vectors decreased with orbital height as orbital period increases with height. Angular separation
increases as expected for an increase in time between door actuations.
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Figure 107: Deployment velocity angular separation estimate.

For a successive pod door actuation time of 10 seconds, it is seen in Figure 107 that the angular
separation between PocketQubes of each pod varies between 0.55° and 0.41° for low earth
orbits. The angular separation combined with a minimum separation distance of 10 meters is
sufficient to ensure separation of the deployed PocketQubes from different pods. Hence, 10
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seconds is chosen as the minimum time delay between successive actuations for the multi pod
deployment system. Total deployment time would be 160 seconds without considering the time
for pin puller actuation. However, it is likely that all PQ deployments will be completed within
180 seconds (3 minutes) under nominal condition.

Having discussed the time delay required for safe and efficient deployment of PocketQubes
from the multi pod deployer, this section will focus on the sequencing of pod actuation.
Deployment sequencing is an important aspect for the multi pod PDS. It has to be carefully
planned to ensure there would be no interference between the deploying PocketQubes and
deployer structure.

Sequence of deployment for the multi pod deployer is shown in

s bl e | s Figure 108. Outer pods in Y direction are chosen to be actuated
first. If inner pods are deployed before outer pods, interference

; 0 s i between deployed door assembly and PocketQubes are a concern
(due to door assembly locking position). The deployed door

, o | ] would encroach on appendage volume assigned to PocketQubes
that are deployed from adjacent pods. Hence, to avoid this

scenario, the sequence shown in Figure 108 is preferred. Further,

: ’ " ’ this sequencing pattern would provide a minimum of 40 seconds
of time delay (not accounting the time required for pin puller

Figure 108: Multi pod actuation) between actuation of adjacent pods. This delay
deployment sequence. provides additional temporal margins to further reduce chance of

PocketQube collision.

Power requirement of the multi pod PocketQube deployer can be a constraint due to the number
of actuations that are demanded. With 16 pods to be actuated by the deployer, electrical energy
required for successful deployment of all pods are discussed in this section.

Based on pin puller power requirements (nominal power 1.25 W@ 0.4A for 160 ms) [71], total
of 20 W would be required nominally to deploy all 16 release mechanisms present on multi
pod deployer. However, energy required for actuation increases with a decrease in temperature.
Therefore, a margin has to be considered for actuation in cold temperatures. Actuation time
increases from 160 to 330 ms when ambient temperature decreases from 23°C to -65°C.
Therefore total energy required to trigger pin retraction would increase by a factor of 2.2
(considering similar deployment current).

Total energy required for deployment is given by Equation (55), where, Nq is total number
actuations, Pe is power required for actuation, Te is time required for actuation, DOD is
permissible Depth of Discharge (DOD) for battery, and Cg is battery capacity required.

Cg = Ny(P,T,)/DOD (55)

Considering a lithium ion battery for its high specific energy density, a recommended DOD is
80% [117]. Based on these factors a total of 8.25 J would be the required capacity for powering
the deployment sequence.

The source of this energy would depend on launch vehicle used for the mission. If launch
vehicle has sufficient stored electrical energy for the deployment sequence, deployment of
PocketQubes can be carried out using launch vehicle battery power. If not, a separate battery
can be installed to provide the electrical energy for deployment. The source of deployment
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power for the multi pod deployment system would be defined based on the type of launch
vehicle used and launch vehicle power margins.

6.4 Safety Features

Having discussed the final design of single pod and multi pod PDS, this section is dedicated to
the safety features that are incorporated within the design of the deployment system. Safety
features are necessary to account for any anomalies that occur during the operation of the
deployment system. Different safety features and their functions are discussed below.

1. Electrically Redundant Pin Puller Actuation :
Pin puller actuation is the first step in release of PocketQubes from pod. Hence, nominal pin
puller release mechanism operation is mission critical. To ensure pin release, two electrically
isolated redundant trigger circuits are utilized. By providing two independent trigger signal
paths, multiple actuation signals can be routed through them to reduce chance of sub-system
failure due to electrical contacts. As pin puller is a procured component, electrical redundancy
is a requirement for choosing a suitable pin puller.

2. Main Spring Locking Mechanism :
Main spring is the component that provides required PocketQube deployment energy.
Unintentional release of main spring would release the PocketQubes held within the pod
(provided door is deployed). Main spring locking mechanism is designed to avoid this scenario
by incorporating two Remove Before Flight (RBF) fasteners. The RBF fasteners are installed
from -Z panel and attaches to bottom of pusher plate guide. When these RBF fasteners are in
place, the main spring cannot extend and therefore is locked in place. PocketQube integration
into pod is simplified with the main spring locking mechanism and the RBF fasteners can be
removed to arm the main spring for flight.

3. Door Assembly Locking Mechanism :
In previous sections, the allowable rotation of door assembly was fixed based on the clearance
requirement for the deploying PocketQubes. Door assembly locking mechanism is required to
lock the door assembly once the assembly has reached its deployed position. The function of
this mechanism is to avoid bouncing back of door assembly due to angular momentum
imparted to the assembly by the torsion springs. The details of this mechanism was discussed
in Section 4.4.1.

4. PocketQube Push Back Mechanism :
This mechanism is designed to resist movement of PocketQubes in Z direction during launch
phase of a mission. By resisting PocketQube movement within the guide rail, any possible
excitation of main spring-PocketQube(s) system to launch vehicle dynamic loads are avoided.
Further, restricting movement in rail reduces wear between PocketQube backplate and guide
rails. For PocketQubes with FR-4 backplate, this mechanism would ensure delamination of
material is limited. The details of this mechanism was discussed in Section 4.4.2.

Having discussed the design safety features, additional features are discussed in the next
section.

6.5 Additional Features

This section details the additional appendage volume available for PocketQubes. The
additional available volume is shown in Figure 109. It is to be noted that this volume is only
available for the bottom PQ in a pod and upon request. The additional volume is available due
to compactness of main spring and pusher plate assembly design.
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Figure 109: Additional appendage volume in -Z direction®.

6.6 Mass Budget

Having discussed the final design and features of PocketQube Deployment System, this section
details the mass budgets for single and multi pod deployment system. A comparative study
between PocketQube and CubeSat deployers is conducted in the Section 6.7.

Mass breakdown for single pod and multi pod PocketQube deployers are given in Table 55 and
Table 56 respectively. Total mass for single pod deployment system is about 845 grams. Total
mass for multi pod deployment system is 9.67 kg. In order to compare the two systems, mass
is normalized using PocketQube units deployed by each system. Deployer electronics mass is
budgeted as 30 grams for single pod and 50 grams for multi pod system. For multi pod system,
additional mass has to be accounted if separate battery is used for pin puller actuations.

Single pod system with deployer capacity 6P has a mass of 140.3 grams/P unit and multi pod
system with deployer capacity 96P has a mass of 100.7 grams/P unit. Multi pod deployer saves
about 40 grams in system mass per P unit deployed to orbit. Single pod deployer requires about
40% additional structure mass to deploy same number of PocketQubes as multi pod deployer.

It is evident multi pod deployment system is more efficient with respect to system mass. Mass
comparison of PDS with other pod based deployers is carried out in the next section.

6.7 Deployer Mass Comparison

Having discussed the mass budgets for PocketQube deployment system, a comparison of pod
based spacecraft deployers is carried out in this section. Mass comparison of different
deployers is shown in Figure 110. Similar to Figure 16, deployer masses are compared by
computing the deployer ratio as discussed in Section 2.7.

Deployer ratio for single pod PDS is 1.8 and for multi pod PDS is 2.5. Single pod deployer
ratio is marginally higher when compared to 3 unit CubeSat deployers (except Maxwell). It is
evident that the parametric study conducted to reduce structure mass of single pod PocketQube
deployer results in a high deployer ratio.

G Available on request for bottom PQ in pod.
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Figure 110: Mass comparison between PocketQube and CubeSat deployers [13], [14], [16], [38].

Multi pod PDS is compared to 12U deployer (ISIS — QuadPack) because both the deployers
have equal payload capacity. ISIPOD — 12U has a deployer ratio of 3.2 whereas multi pod PDS
has a ratio of 2.5. For equal mass of payload deployed to orbit, ISIPOD — 12U achieves greater
system mass efficiency when compared to the multi pod PDS. A possible reason for this
discrepancy would be that the spacecraft class for the deployers are different. However, this
would account for minor variation in deployer ratios between the two deployers. Further, mass
optimization of multi pod PDS structure would increase the deployer ratio for the multi pod
PocketQube deployer.

With the comparison between pod based deployers completed, findings on the costs associated
for PocketQube deployer configurations are discussed.

6.8 Cost Budget

Having discussed the mass budget of PDS and comparing PocketQube and CubeSat deployer
mass, we estimate the costs involved for deployment system. System cost is shown in Table
30. Bulk ordering is considered as procurement and manufacturing costs for nonstandard parts
would be reduced due to economies of scale. A total of 100 numbers are considered for bulk

orders.
Table 30: PocketQube Deployment System Cost Breakdown.

Single Order Bulk Order
System Cost (€) Single Pod | Multi Pod | Single Pod | Multi Pod
Procurement Cost 5074.23 81025.7 5043.48 80577.7
Manufacturing Cost [80] 3725.79 39531.94 271.17 2179.12
Assembly and Integration Cost 180 1700 180 1700
Environmental Test Cost 25000 25000 25000 25000
Launch Cost 133562.58 | 1920444.96 | 133562.58 | 1920444.96
Total Cost 167542.6 | 2067702.6 | 164057.2 | 2029901.7
Cost / P Unit 27923.77 | 21538.569 | 27342.87 | 21144.81

Procurement and manufacturing costs are based on quotations received from respective
manufacturers. Manufacturing costs include raw material, machining and secondary treatment
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costs for the different parts. Assembly and integration costs estimates in Table 30 are based on
prototyping experience, estimation methodology is discussed in Section 8.3. Launch cost is
estimated using system mass and launch cost per kilogram as discussed in Section 2.6.

Procurement cost is driven by pin puller acquisition as it is the biggest contributor. System cost
would reduce by a considerable amount if alternative release mechanism like wire cutter would
be utilized. However, pin puller costs can be offset if release mechanism will be reused in the
future from launch vehicle technology advancement.

o PocketQube Deployment System Cost Breakdown

Procurement Cost Bl Manufacturing Cost 88 Assembly and Integration Cost © Environmental Test Cost Ill Launch Cost
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Figure 111: PocketQube Deployment System cost division.

Contribution of the different costs discussed in Section 2.5 to overall system cost is shown in
Figure 111. It is evident from Figure 111 that the biggest contributor to system cost would be
the launch cost. At least 80% of the total system cost is required for launching spacecraft into
orbit. As system mass is the driver for launch cost, it is necessary to optimize deployment
system mass to reduce total cost. Hence, increasing the deployer ratio for the multi pod
deployer would result in further reduction in system cost for this configuration. Figure 111 also
shows that manufacturing costs for both systems reduce as a percentage of overall cost when
bulk manufacturing is carried out. Manufacturing cost decreased by 91.73% for the single pod
and 94.5% for the multi pod for mass production.

To compare the costs between the single and multi pod deployment system, system cost is
normalized to PocketQube units deployed by the respective systems. The normalized cost for
the single pod deployer is about 28,000 € whereas for the multi pod deployer it is about 21,500
€. By utilizing the multi pod deployer, about 6,500 € can be saved per P unit of spacecraft mass
deployed.

It is important to highlight that the deployer mass for single pod system was reduced by
conducting a parametric study, and such a study was not conducted for the multi pod deployer.
With launch cost (dependant on system mass) being the largest driver of system cost,
optimizing system mass of the multi pod deployer will further reduce normalized cost.

In conclusion, it is observed that multi pod PDS, is cost efficient when considering cost per

payload accommodated. The cost breakeven point between single pod and multi pod systems
is discussed in the next section.
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6.9 Deployer Choice

This section is dedicated to discuss the choice of deployer to be utilized when total
PocketQubes to be deployed lie between the capacity of a single pod and a multi pod deployer.
The choice for deployer is simple when PocketQube numbers lie close to the capacity of each
of the deployers (6P & 96P respectively). In the case that total PocketQube units to be deployed
is spread in between thus stated capacities, this section addresses which configuration of the
deployment system to utilize.

Total cost to orbit for PocketQubes of different capacities is shown in Figure 112 for single
pod and multi pod deployment systems. With the current design of deployment system, total
system cost would even out if a payload capacity of 66P units are deployed using the multi pod
deployer. Hence, if total payload capacity is equal to or greater than 66P units, it is preferred
to use the multi pod deployer. For a payload volume lesser than 66P units, total cost would be
lower when using multiple single pod deployers.

55 X 10° Cost Breakeven between Systems

— Multiple Single Pod Systems
Multi Pod System
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Figure 112: Cost breakeven between systems.

Figure 112 considers the average normalized cost for launch cost estimation. However, based
on the launch vehicle selected for a mission the breakeven costs vary. Figure 113 shows the
breakeven cost between the single pod and multi pod system for different launch vehicles
accounting for their specific launch cost shown in Table 39. Figure 113 shows that the cost
breakeven was observed to be at 72P units for most launch vehicles, whereas, for Falcon class
launch vehicles it is at 78P units.
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Figure 113: Breakeven cost for different launch vehicles.
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As discussed previously, reducing multi pod system mass will reduce its total cost and hence,
the cut-off point between the use of multiple single pod systems and multi pod deployer would
also decrease.

6.10 Deployer Cost Comparison

Having discussed the total system cost and breakeven point between system configurations,
this section is dedicated to cost comparison between pod based spacecraft deployment systems.
It is a convention that launch service providers only specify the launch cost for spacecraft [118].
The companies provide system level environmental testing (TVAC & Vibration) as a service
which would incur additional costs.

In Section 6.8, system costs were estimated for the PocketQube Deployment System. Included
in the cost budget (Table 30) was the cost for system level environmental testing. In order to
even out the comparison between PDS and commercial launch providers, environmental testing
cost is deducted from total cost. The reasoning behind this decision is that the launch provider
(TU Delft) can charge spacecraft manufacturers for system level environmental testing before
flight and system qualification tests are only a one time cost for the PDS.
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Figure 114: Launch cost comparison per kilogram [118], [119], [120]."

Figure 114 shows the launch cost per kilogram of spacecraft launched. As pod based deployers
are designed for different spacecraft standards, launch cost per kilogram helps in comparing
costs between CubeSat and PocketQube deployers. In Figure 114 it is observed that the launch
cost per kilogram for PocketQubes is higher than that for CubeSats. Additionally, the PDS cost
is similar to other commercially existing PocketQube deployment system (AlbaPOD). It can
therefore be inferred that the launch cost per kilogram estimated in Section 2.6 would be in the
range predicted by this study.

Cost per kg (€

o

Although launch cost per kilogram helps us to compare launch costs of different spacecraft
standards, it does not provide an overall perspective into spacecraft mission cost. In order to
compare the actual costs for launching the mentioned spacecraft, launch cost per spacecraft is
considered. Figure 115 shows the launch cost per spacecraft for different CubeSat and
PocketQube unit sizes. Launch cost for the same unit size vary across different manufactures
as expected.

H Launch costs shown are for LEO.
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Figure 115: Launch cost per spacecraft comparison per [118], [119], [120]."

However, launch cost for PocketQubes are lower than that for CubeSats. As the total cost to
launch PocketQubes are lower than that for CubeSats, PocketQubes reduce the entry barrier to

space. Further costs can be lowered by utilizing multi pod deployer and performing a structure
mass optimization for this system configuration.

Cost (€)

This concludes the discussion on final design of the PocketQube deployment system.

I'Launch costs shown are for LEO.
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/.
Prototyping and

Testing

The chapter will focus on the discussion of system prototyping, main spring characterization
testing and door deployment testing. Structure prototyping was carried out to arrive at a suitable
integration procedure for the system.

Main spring characterization testing was performed to characterize spring force along its stroke
length. Characterization test is conducted to ensure main spring properties are within its
designated window of operation as specified by the manufacturer. Door deployment test was
carried out to validate torsion spring model and to predict door deployment time for standard
gravity conditions.

7.1 Structure Prototyping

Structure prototype was manufactured in order to verify the design of PDS. Additionally, it
would also provide a benchmark for system integration and help in detection of potential flaws
of the deployment system.

A decision was taken to 3D print all structural members of PDS except the panels. The panels
would be manufactured using acrylic sheets and assembled onto the structure. Replicator 5™
Gen manufactured by MakerBot was used for 3D printing parts for PDS prototyping. The
printable volume of this printer was not sufficient to print the parts in whole, hence some
modifications had to be made on the model to unsure 3D printing was possible.

Figure 116: PDS structure 3D printing.

Guide mechanism and support rib were split into printable sizes along their length and a number
of fasteners were added to fit them together at the end. Print material was Polylactic Acid
(PLA). Tolerance of certain parts were modified to accommodate for the expansion of the PLA
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material after 3D printing. Structural ribs, door assembly and the pusher plate assembly were
3D printed using this method.

The 3D printed parts were subsequently assembled using fasteners. Following which,
assembled prototype was used for in-depth analysis of integration constraints and door
deployment testing. The lessons learned from integration of PDS prototype will be discussed
in Chapter 8.

Having discussed the constraints of deployment system prototyping, characterization testing
for the main spring is described.

7.2 Main Spring Characterization Test

Main spring is critical sub-system within the PDS as it is the component which provides the
necessary force to achieve deployment of PocketQubes. Therefore, it becomes essential to
identify, by means of a test, if the spring provides required deployment force. The goal of this
test is to verify if the spring force of the compression spring satisfies its designated force-stroke
curve in Section 4.3.4. It is expected that the spring force does not exceed the error values as
defined by manufacturer tolerance values in Figure 29.

This test investigates the uncertainties that may arise in the manufacturing of the compression
spring. By characterization of the spring specimen, confidence is achieved to satisfy the
designer that main spring is working within its intended operation window.

Initial method planned for the test was to provide spring load with a beaker of water for variable
force on the spring. By balancing the beaker containing water vertically on the spring, required
force to compress the spring could be generated. In order to alter the characterization force on
the compression spring, water level in the beaker could be varied. However, as the maximum
force of the spring is 15 Newtons, the required volume of water was approximately 1.5 litres.
A suitable beaker of such volume could not be accessed, therefore a change in test plan was
needed.

Upon accessing the tools available at the workshop belonging to Space Engineering section of
TU Delft, two possibilities were explored. First possibility was the use of spring based
weighing scale as a way of producing the required characterization force. However, due the
design of the weighing scale (hook on the weighing end), the test apparatus created a force
imbalance on the compression spring which introduced a measuring error. Accordingly,
another method had to be thought of.

The second possibility was the use of calibrated weights as a method to produce the required
characterization force. The total mass of the calibrated weights were 600 grams which was less
than needed 1.5 kg. Therefore, a quick solution was found using metal slabs lying around the
workshop. The mass of these metal slabs had to be known with sufficient accuracy in order to
use them to provide characterization force.

A digital weighing scale was checked for its accuracy using the calibrated weights following
which the mass of metal slabs were measured. Apart from the calibrated weights, three metal
blocks of mass 875, 240, 250 grams respectively were used. These blocks along with the
calibrated weights were used in different combinations to obtain the a range of required
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characterization force. Table 57 lists the combinations of weights used and the force applied
on the spring.

Additionally, a thick disk with a hole in its centre was 3D printed to balance the weights on top
of the spring. Mass of the part was measured to be 36 grams. Centre hole was provided for a
cylindrical rod to pass through which provided a balance for the test set up. A measuring tape
was attached to a vertical surface in order to measure spring deflection. Figure 117 shows the
test setup with weights placed on the 3D printed part resulting in spring deflection.

= 3

Figure 117: Main Spring Characterization Test Setup.

A total of 5 springs were manufactured to order, first, the uncompressed lengths of each
specimen were measured. Each spring specimen was then subjected to characterization test,
repeating the test three times to ensure no errors are introduced during the test. The difference
in spring deflection between trials were within £ 3 mm. The three trial results are averaged for
each specimen and test results are plotted in Figure 118 along with the operation window of
the spring.

The apparent outlier of the characterization test results is specimen 1. It is to be noted that
specimen 1 was the only spring specimen used for prototyping. Hence, this specimen was
compressed and uncompressed multiple times causing it to lose its spring force linearity. The
consequence of this effect will be elaborated in Chapter 8 (Specimen 1 was overworked hence
the change in properties and irregular behaviour).

It was also observed that other specimen were demonstrating linear behaviour as expected. In
order to analyze their bulk behaviour an average deflection between the specimen excluding
specimen 1 is plotted. Specimen average closely follows the nominal spring performance until
last two sets of data points at 13.25 N and 15.21 N respectively.
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Main Spring Characterization Test Result
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Figure 118: Spring Characterization Test results overlaid on operation window.

For these data points, slope of the average is greater than the slope of the nominal spring. It
can be inferred that spring constant of the springs increases at these deflection states which
implies that spring force has a value greater than expected. This trend is also seen in specimen
1. One possible explanation for this behaviour is the spiralling of spring observed near its
compressed state. This spiralling causes extra potential energy to build up near its compressed
state leading to higher than expected spring force.

The trend of increased force close to spring compressed state does not adversely affect the
deployment velocity. Hence, it can be ascertained that the custom springs perform as intended
and are fit for use in the PDS.

7.3 Door Deployment Test

Door deployment test was conducted to measure the time required by the door assembly to
actuate from its stowed position to the deployed position. The intension of this test is to
experimentally determine the time required for deployment of door assembly and compare
experimental results to analytically estimated result in Section 4.3.7. Such a comparison will
serve as a validation of analytical results as well as the characterization of torsion springs used
on the door assembly.

The experiment was conducted using the 3D printed structure of the PocketQube Deployment
System. Mass of the 3D printed door assembly was noted down to be 30 grams before the test.
A block diagram showing the test sequence and result analysis is shown in Figure 119.

The PDS structure was oriented to a vertical position during the test. The reason for the vertical
orientation is that when the structure was placed horizontally, the door due to the effect of
gravity would come to rest at a position other than the intended deployment position. This
effect was minimized when the structure was oriented in the vertical direction.
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Figure 119: Block Diagram showmg sequence of Door Deployment Test.

The difference between the door assembly shown in Section 4.4 and the 3D printed door
assembly for this test was the change in material density from aluminium alloy to Polylactic
Acid (PLA). However, upon changing the material of door in the CAD assembly to PLA, it
was noted that the change in centre of mass (CoM) of door assembly was less than 0.1
millimetres. Therefore, CoM of the 3D printed door assembly is assumed to be at the same
location (54 mm) as indicated on the CAD model in Section 4.4.

Figure 120: Images of the setup used for Door Deployment Test.

In order to accurately determine the time of deployment experimentally, a mobile phone was
set up to record the deployment video at a high frame rate. The maximum frame rate capable
by this device for video recording was 239.84 Frames per Second (FPS). Hence, frame rate
close to 240 frames a second was used which, in turn resulted in providing a measuring
resolution of 4.17 milliseconds between successive frames.

4.17 milliseconds temporal resolution was acceptable as the time required for deployment was
calculated to be 83.6 milliseconds for a door assembly mass of 30 grams in Figure 39.
Therefore, the measuring error in time can be 4 milliseconds which was acceptable to correlate
the experimental and analytical results.

Total frames between start and end

Time for Deployment = (56)

Frames per Second

Once the test was performed, video recorded at 239.84 FPS now had to be converted into an
image sequence in order to identify the start and end frames of deployment. The conversion
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from video files to images was carried out using Adobe Photoshop. Having produced the image
sequence, the start and end frames of the door deployment were identified. Based on the
sequential numbering of frames between the start and end, total frames required for the door
deployment was arrived at. The time required for the door deployment can be calculated using
the Equation (56).

Door deployment test was repeated 3 times to equalize any inconsistencies that may be occur
during the test. The test was actuated using a pin to replicate the action of the pin puller
mechanism as shown in Figure 121. The different trials of the deployment test showing

experimentally calculated door deployment times are tabulated in Table 31.
Table 31: Experimental results of door deployment test.

: Start | End | Total Deployment | Door Deployment
Trial .
Frame | Frame Frames Time (s)
1 300 325 25 0.104236157
2 58 84 26 0.108405604
3 60 84 24 0.100066711

Figure 121: Start and End frames of Door Deployment Test.

It can be seen that from Table 31 that the time required for the door deployment is around 0.1
seconds. However, in Figure 39 it was estimated for that the door deployment time for a door
mass of 30 grams is around 0.0836 seconds. The discrepancy in the values from the test and
the analysis can be attributed to the influence of Earth’s gravity during the test. The value of
this gravitational force is given by Equation (57).

FE=myg (57)

Figure 122 shows the component of gravity that opposes the force exerted by the torsion springs
on the door. This force is found to have a value of Fgcos 6 where, 6 varies from 0° to 110°.
This component is the force countering torsion spring force when the structure is placed in a
vertical orientation for the test. As the gravity force opposing the deployment force varies with
the door rotation angle (0), a compensation term is introduced in the analysis tool to account
for gravity.
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Figure 122: Diagram indicating components of gravity influencing door deployment test.

Figure 123 shows the influence of gravity on door deployment time. The analysis tool having
included the effect of gravity, estimates the time for deployment is increased to 0.1 seconds
from 0.0836 seconds for a door mass of 30 grams. The test and the analytical results are within
the + 4 milliseconds temporal resolution that can be obtained from a 240 FPS video recording.
Therefore, the experimental results validate the analytical tool. Additionally, as the analysis
and the experiment results match, it can be inferred that the commercially procured torsion
springs are providing the required force.

Influence of Gravity on Door Deployment Time
T

— Microgravity Environment
0.1 | — Gravity Environment

0.09 -
Z0.08
L

£
= 0.07]

0 20 40 60 80 100 120
Rotation Angle (°)

Figure 123: Influence of gravity on time for door deployment.

Further inferences can be drawn using the analysis tool when observing the door deployment
force and angular velocity variation. Figure 124 illustrates the effect of gravity on deployment
force and angular velocity of door respectively. The door deployment force is reduced by a
factor of Fgcos 0 between 0° and 90°. However, after 90° it turns positive as the torsion spring
force is O whereas the gravity component now acts in the direction of door movement. The
increase in deployment force results in the increase in angular velocity after 90° of door rotation
in the gravity environment as seen in Figure 124. However, in a microgravity environment the

angular velocity plateaus after 90° of door rotation as the force exerted by the torsion springs
is close to 0 Newtons.
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Figure 124: Gravity influence on door deployment force and angular velocity.

Having analyzed the contribution of gravity during the door deployment test in vertical
orientation, a comparative study can be carried out between the vertical and horizontal
orientations. When the PocketQube Deployment System is tested for door deployment in
horizontal orientation, the component of gravity that opposes the force exerted by torsion
springs on the door is Fqsin 6. Table 32 compares the door deployment time for vertical and
horizontal orientations. Further, it estimates the deployment times if the door is manufactured
with aluminium alloy and tested in gravity conditions.

Table 32: Expected results for door assembly made of aluminium alloy.

Deployment Door Mass Door Deployment
Condition (grams) Material Time (s)
Micro Gravity 0.08362
Gravity (Vertical) 30 PLA 0.09999
Gravity (Horizontal) 0.09094
Micro Gravity Aluminium 0.1366
Gravity (Vertical) 90 Alloy 0.3194
Gravity (Horizontal) N/A

It is to be noted that for horizontal orientation with door made of aluminium alloy in standard
gravity condition, angular velocity of door reaches 0°/s at an angle of 88.5°. Hence, door

assembly would not reach its intended deployed position at 110° for this condition.

The discussion on system prototyping, characterization test, and door deployment test are thus

completed.
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8.

System
Integration and
Environmental

Test Plan

System integration procedure for single pod and multi pod PocketQube Deployment System is
discussed in this chapter. Procedures required for system level environmental tests such as
thermo-vacuum test and vibration test are established.

8.1 System Integration

System integration is a critical operation for systems intended to operate in space. Care must
be taken to ensure that procedures specified for integration are followed to maintain the quality
of workmanship and to avoid any challenges at final phase of a project.

For the PocketQube Deployment System, system integration procedure is divided into three
sections. Integration of door assembly is discussed at first as it is a common assembly for single
and multi pod configurations. It is followed by integration procedures for single pod and multi
pod assembly. The detailed procedure for system integration can be found in Section 11.3.

Having discussed the integration procedures for the different system configurations, lessons
learned during system prototyping are discussed.

System integration procedure discussed for different assemblies in Sections 11.3.1, 11.3.2, and
11.3.3 are based on the lessons learned during prototype integration. In this section, changes
that were carried out due to the experience of system prototyping and testing are discussed.

Based on main spring characterization test in Section 7.2, it is recommended not to compress
the main spring multiple times. The performance (spring constant) of the compression spring
changes if it undergoes multiple compression-extension cycles. Hence it must be avoided for
spring specimen used in PDS flight model.

Further, for ease of compression of main spring during system integration, a cylindrical
concentric collapsible mechanism is conceptualized. The working principle of this mechanism
is similar to extendable legs of a tripod. This mechanism will restrict any lateral movement of
main spring during integration onto PDS.

Another change that was brought about by prototyping was with respect to integration of door
assembly to PDS. Initially, fastener threads were placed on Hinge 2 with clearance holes
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present on Rib and +Y panel. The threading direction of this assembly was reversed and
clearance holes were placed on Hinge 2 and +Y panel with fastener threads placed on rib. This
change was incorporated to ease up system integration.

Having discussed the procedure for system integration of PDS and integration lessons learned
by prototyping, fastener tightening procedures are discussed in the next section.

8.2 Fasteners

With the discussion on system integration procedures completed, this section will focus on the
design of fasteners for PocketQube Deployment System. Fasteners are required to join two
members to one another. In systems which are expected to withstand cyclic loads, fastener
design must account for cyclic joint loading. Steps must be taken to ensure fastener failure is
avoided due to dynamic loading. Fastener pretension increases fatigue resistance of a joint by
reducing the alternating stress component induced in a fastener.

Fastener preload is created when torque is applied on the fastener and it is the primary goal
when tightening a joint. Tightening the fastener introduces a tensile load on it which, will
translate as a compressive load on the joining members. The compressive joint load provides
the clamping force which holds the joining members in place. Hence, it is critical for the
fastener design to ensure sufficient clamp load is applied on the joint while ensuring stress
induced in the fastener is below its material yield strength.

Total load on the fastener will be a sum of joint load and induced preload. Therefore, it is
critical to define right amount of preload to be introduced in the fastener based on the joint load
experienced by it. Joint load varies if the joint experiences pure axial loading, pure shear
loading or a combination of the two. Typical NASA recommended preloads for a fastener is
65% of the yield strength of fastener material [121].

Fastener preload is calculated using Equation (58) to Equation (63).

F; = 0.75F, (58)

E, =0, A; (59)

o, = 0.850, (60)

A, = % (d, + d,)’ (61)

d, = d — 0.649519 p (62)
d, =d— 11226869 p (63)

Fj is maximum preload applied to a fastener, and Fy is proof load of fastener material. op is
proof stress of fastener material, A: is tensile (nominal) stress area on metric fastener, oy is
yield stress of fastener material, d is nominal diameter of metric fastener, and p is pitch of
metric thread.

Based on Equation (58) and Equation (60) maximum allowable preload is 63.75% of yield
strength which is below NASA recommended preload condition. Equations (64) to (68) must
satisfied for all fasteners used on the deployment system structure. Equations (67) and (68)
take into account for a fastener failure condition when combined axial, shear and bending loads
are applied on it [121].
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Ry = o, 4, (64)
R = FOS  F,, )
0.577 oy A,
FOS * M,
b= A (66)
(R: +Rp)*+R3 <1 (67)
1

MoS =

(68)

-1
V(R: +Ry)? +R3

The failure criteria for a fastener is met if margin of safety (MoS) calculated using Equation
(68) is positive. All fasteners that were selected from manufacturer Jeveka B.V [122] were
manufactured from stainless steel material (A4-70) with yield strength of 700 MPa. Axial,
shear forces and bending moment on fasteners were obtained from structural analysis results
of deployment system discussed in Chapter 5. Based on structural analysis fastener load results,
margins of safety for all fasteners on single and multi pod deployment systems met acceptance
criteria.

For all fasteners of metric size M2, the pretension as defined earlier would be equal to 923 N,
and 2240 N for M3 fastener. Torque to be applied for pre-tensioning of fastener is given by
Equation (69).

T,=KFd (69)

Ty is the torque to be applied on the fastener for pre-tensioning, and K is nut factor. The nut
factor is dependent on friction conditions in torquing elements. For unlubricated fasteners,
typical value of nut factor will be equal to 0.2 [121]. Based on Equation (69), fastener torque
to be applied for PDS fasteners is equal to 0.37 Nm for M2 and 0.89 Nm for M3.

Fastener torquing (pretension) is the primary locking feature used for fasteners. Care must be
taken during fastener pre-tensioning, and torquing procedures specified in reference must be
followed to avoid fastener over tensioning [123].

Further, NASA specifies minimum length of thread engagement for tapped holes shall be at
least 1 times nominal diameter for fastener. Recommended length is 1.5 times nominal
diameter [123] and all tapped holes in PDS structure are designed to meet this specification.

As a secondary locking feature, liquid locking compounds are approved. Thread locking
compounds that are approved for use in space environment are Loctite® Threadlocker Red
271™ and Blue 242™ [124]. All fasteners shall have an approved secondary locking feature
that is applied during integration.

Having discussed the procedure for system integration of PDS, integration lessons learned by

prototyping and fastener tightening procedures, cost estimation methodology for system
integration is discussed.
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8.3 Integration Cost Methodology

Costs incurred due to system integration of PDS was discussed in Section 6.8. This section
details the methodology for arriving at the integration costs for single and multi pod PDS.
Estimation of PDS integration costs are based on structure prototyping experience and
integration costs for single and multi pod systems are listed in Table 30.

System integration of structure prototype was timed to evaluate the total time required for
integration. The time required for integration of single pod prototype was measured to be about
6 hours. A factor of 25% is added to the total time to account for torquing of fasteners.
Additional factor of 25% is added to this time to account for additional care that must be taken
during integration of flight model. Hence, additional 50% is added to total integration time.

Integration cost is calculated based on hourly rates of technician discussed in Section 2.5. For
multi pod deployment system, system cost is estimated based on the number of fasteners
present in the structure. Based on single pod integration, cost is normalized to cost per fastener
and total cost of multi pod PDS is estimated based on number of fasteners on structure.

Having discussed system integration of PDS and the associated methodology for estimating its
cost, system environmental testing is discussed next.

8.4 Environmental Test Plan

With discussion on system integration completed, this section is focussed on system
environmental testing. Environmental test such as vibration and Thermo-Vacuum (TVAC)
tests are mandatory for any space system. In this section, test levels for qualification and flight
acceptance are discussed and procedures for these tests are established.

Test factors of safety and duration for various loads is listed in Table 33. Vibration test
tolerance shall be according to Table 58. For sinusoidal acceleration test, if required
acceleration is not achieved for low excitation frequencies (5-20 Hz), the limit shall be based
on maximum permissible displacement of vibration test shaker table.

Random vibration tests shall be preceded and succeeded by low intensity sinusoidal frequency
sweep. The sweep tests before and after random vibration test shall be used to determine any
changes in system natural frequencies. A change in system frequency indicates failure of
random vibration test.

Table 33: NASA recommended test factors and durations [51].

Prototype Protoflight
Test Qualifich?ion Qualificagtion Acceptance
Quasi-Static
Level | 1.25x Limit Level | 1.25x Limit Level | Limit Level
Random Vibration

Level Limit Level +3 dB Limit Level +3 dB Limit Level

Duration 2 minutes per axis 1 minute per axis 1 minute per axis
Sinusoidal Vibration

Level 1.25 x Limit Level 1.25 x Limit Level Limit Level

Duration 2 octave/minute 4 octave/minute 4 octave/minute
PSD(s50-g00 Hz) = 0.08 * (22.7 /mpps) (70)
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For multi pod PDS random vibration test, acceptance levels are reduced according to Equation
(70) with slopes at +6 dB [51].

Further, input level notching shall be carried out for random vibration test for frequency range
close to system natural frequency having high modal participation. Notching is carried out to
ensure system is not over tested. Notching levels will be determined by system transmissibility
factor.

Appropriate fixtures shall be designed for vibration and TVAC tests. Fixture that would be
used for vibration test must be designed taking into account the required transmissibility factor
by vibration table set up. Thermal cycling for TVAC test will be dependent on launch vehicle
flight acceptance requirements. Based on this requirement, a test plan for TVAC at a system
level shall be arrived at.

This concludes the chapter on system integration and testing. Thesis conclusion and
recommendations for future work is presented in the following chapter.
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9.

Conclusion and
Recommendations

The chapter provides a summary of the thesis and details the conclusions that were arrived at
during the design and prototyping of the PocketQube Deployment System (PDS). Possible
enhancements to this study are further listed as recommendations.

9.1 Thesis Summary

The research conducted over the course of this thesis on the PocketQube Deployment System
was rooted in the objective set in Chapter 1. Based on this objective, a heritage review on
spacecraft deployment systems was conducted, design requirements were arrived at, and
system level trade-off studies were performed in Chapter 2.

Preliminary cost breakdown for space systems revealed that launch cost is a significant driver
of the PocketQube mission cost. In Section 2.6, it was observed that system mass is the major
contributor to launch cost. Therefore, by reducing system mass of the PocketQube deployer,
launch cost can be reduced, subsequently reducing PocketQube mission cost.

Launch environment was analyzed in Chapter 3 to arrive at suitable design loads and stiffness
requirements for the deployment system. System design involves arriving at a custom spring
specification to minimize compressed spring length and provide required deployment energy.
Guide rail dimensioning was carried out based on the effect of temperature on the tolerance
between PocketQube backplate and guide mechanism.

Preliminary configuration study was conducted for the structural design of single and multi
pod deployer systems. Based on structural analysis, the best suited configuration for the
systems were arrived at. It was observed that the main driver of structure mass was due to
structure stiffening to meet natural frequency requirements.

Final design was based on results obtained during structural analysis. Mass budgets and cost
budgets were estimated for the deployer system configurations. A mass comparison metric
called ‘deployer ratio’ was introduced in the study to compare CubeSat and PocketQube
deployers. Further, breakeven costs between multiple single pod and multi pod deployers were
discussed for different launch vehicles.

System prototyping and testing was conducted to even out system integration procedures and

validate spring estimations. Finally, system integration and environmental test procedures were
described.
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9.2 Conclusion

Having discussed a summary of thesis work, the following section enumerates the list of
actions to answer the research question in Section 1.2 —

1. ‘What measures are best suited to reduce total cost to orbit for PocketQubes?’

1.1. Designed a custom compression spring to be used for PocketQube deployment in order
to reduce structure mass by minimizing spring compressed length. PocketQube
deployment velocity estimate is within CubeSat deployment velocity range found in
literature. The spring chosen for deployment has sufficient energy stored to ensure
PocketQube deployment velocity is within desirable range for extreme deployment
cases’.

1.2. A parametric study was conducted on the single pod PocketQube deployer. The goal
of this study was to reduce structure mass of the system while maintaining the required
stiffness. The study resulted in reduction of system mass by 133 grams (15.8% of total
mass) which would save about 7,600 € (5.69% of total cost) in launch cost using the
framework described in Section 2.6.

1.3. System cost normalized to P units for the single pod deployer is about 28,000 €,
whereas, for the multi pod deployer it is about 21,500 €. By utilizing the multi pod
deployer, about 6,500 € can be saved per P unit of spacecraft deployed.

1.4. Cost breakeven point between the single pod and multi pod systems is currently found
to be at 66 P units. This signifies that for a PocketQube deployment mission, it is
economical to use multiple single pod systems until total PocketQubes to be deployed
reaches 66 P units (total of 11 pods). Once total PocketQubes to be deployed are above
66 P units, it is more economical to launch given PocketQubes using the multiple pod
deployer.

1.5. System total cost reduces for bulk manufacturing due to economies of scale. Hence,
for large scale PocketQube deployments, bulk manufacturing will lead to significant
cost savings as discussed in Section 6.8. 3,454.62 € would be saved for single pod
system and 37,352.8 € for multi pod system.

1.6. It follows from currently available data that, using a reusable launch vehicle for
PocketQube deployment further reduces spacecraft launch cost and thereby its mission
cost. For example, it was observed in Section 2.6 that, specific launch cost for falcon
class of launch vehicles was lower than its counterparts which are non-reusable.

2. ‘What is the best suited deployer configuration for deployment of one or more
PocketQubes?’

2.1. Structural analysis of single pod deployment system in Section 5.11 revealed that for
similar structure mass, the system is better configured using a lateral configuration.
The lateral configuration offered high stiffness when compared to longitudinal
configuration by reducing mass overhang. Hence, for the single pod deployment
system, lateral configuration is the preferred configuration which reduces launch cost
by offering higher stiffness to mass ratio.

2.2. Structural analysis of multi pod deployment system in Section 5.13 revealed that for
similar structure mass, the system is better configured using a longitudinal

3 Minimum value of 1 m/s.
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configuration. Longitudinal configuration offered higher stiffness for the structure
when compared to lateral configurations in X and Y directions. Hence, for the multi
pod deployment system, longitudinal configuration is the preferred configuration
which reduces launch cost by offering higher stiffness to mass ratio.

2.3. Based on sensitivity study in Sections 5.8 and 5.9, it was concluded that the structural
stiffness (natural frequency) is not dependent on the combination of PocketQubes
enclosed in a pod. Further, natural frequency of the deployment system is highly
sensitive to shifts in PQ centre of mass (CoM) away from launch vehicle mounting
surface. Therefore, care must be taken to accommodate the change in structural
stiffness when stack CoM shifts in +Y direction for single pod, and +Z direction for
multi pod systems.

2.4, System mass per P unit deployed, is lower in case of multi pod system. In Section 6.6
it was observed that single pod deployer requires about 40% additional structure mass
to deploy same number of PocketQubes as the multi pod deployer.

2.5. Multiple pod deployment system offers higher deployer ratio than the single pod
system. Single pod deployer ratio is similar to its peers deploying CubeSats. However,
multi pod system deployer ratio is lower than multi pod CubeSat deployers of similar
payload capacity.

3. ‘What is the best suited system configuration that can be integrated to multiple launch
vehicles?’

3.1. The design of multi pod deployment system accommodates a total of 96 P units in 4x4
pattern as this configuration offers launch vehicle footprint similar to CubeSat
deployers. 4x4 pod pattern was chosen to improve dynamic mass balancing properties
of the structure.

3.2. An observation following the study on system configurations was that the breakeven
cost between choosing a single or a multi pod system depends on the launch vehicle.
System cost is influenced by the total number of PocketQube units deployed in a
mission which was discussed in Section 6.9.

9.3 Recommendations

Based on the learnings through the design process of the PocketQube deployment system,
certain considerations are recommended. They are -

1. Estimation of PocketQube deployment velocity in this study does not account for actual
friction between guide rail and PocketQube backplate. Microgravity deployment
testing is recommended for the PocketQube deployer to ensure friction losses are lesser
than accounted spring margins. Gravitational forces greatly impact the friction between
PocketQube and guide rails [125], hence deployment shall be carried out in
microgravity.

2. Microgravity PocketQube deployment test would accurately assess frictional losses
during deployment. Based on test results, design can be modified to reduce friction
coefficient by coating guide rail. Aromatic thermosetting co-polyesters (ATSP) or
molybdenum disulphide (MoS>) coatings are recommended in the case that frictional
losses are high [126].

3. Mass of single pod PocketQube deployer can be minimized by using structure panels
manufactured from carbon fibre re-enforced polymers (CFRP). Cost saved by reduction
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in system mass may be offset by increase in manufacturing costs. A cost benefit
analysis is recommended to study the feasibility of this change.

4. A parametric study is recommended for the multi pod deployment system. Such a study
can help identify system parameters that contribute in reducing system mass. Based on
such a study, mass optimization of the multi pod deployment system can be carried out.
Mass optimization would result in an increase of deployer ratio and hence a decrease
in overall system cost.

5. Itis recommended to perform a fatigue analysis on structural elements of PocketQube
deployment system. Such an analysis will define the maximum number of times PDS
structure can be reused in flight before a fatigue failure. The analysis becomes
necessary when launch vehicle technology evolves to complete hardware reusability.

6. From structural analysis of PDS, the biggest contributor to system mass is the natural
frequency requirement. This requirement is present to decouple PDS structure from
launch vehicle harmonic excitations. An active vibration control system can isolate
PDS structure from said harmonic loads, allowing for cut off frequency to drop
resulting in system mass reduction.

A suitable form of active vibration control is use of piezo-electric isolators [127].
Spacers made of a piezo-electric material can be added during integration of PDS to
launch vehicle. These spacers would isolate deployment system from launch vehicle
base excitation. By isolating base excitation, system natural frequency can be lowered
hence saving mass.

However, such control systems have to be evaluated for reliable use on a mission.
Failure of such a system will result in dynamic load amplification and structural failure.
A drawback of such a system is that it would not be able to counteract system
displacement for low frequency excitations. Low frequency excitation (5-20 Hz) would
result in large displacements which are not isolated by piezo-electric spacers.

This concludes the discussion on the PocketQube Deployment System.
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Appendix

Table 34: Material physical properties. ¥

Densit Tensile Yield Young's
Material Property ( /cc)y Strength Strength Modulus
9 (MPa) (MPa) (GPa)
Stainless Steel (type 304) 7.8 565 190 210
Titanium (Ti6AI4V Grade 5) 4.45 1200 900 120
Aluminium (7075-T651) 2.81 570 500 72
Beryllium (Structure Grade S-200-F) 1.84 324 241 290
Magnesium 1.78 240 160 45
FR-4 1.85 310 180 24
CFRP (70% carbon fibres in epoxy matrix) 1.6 1500 750 181
Table 35: Sinusoidal acceleration of different launch vehicles.

QB 50 PSLV Space X Falcon 9 Atlas V Vega C
Frequen | Acceler | Frequen | Acceler | Frequen | Acceler | Frequen | Acceler | Frequen | Acceler
cy (Hz) | ation(g) | cy (Hz) | ation(g) | cy (Hz) | ation (g) | cy (Hz) | ation (g) | cy (Hz) | ation (g)

5 2.5 5 1.7 5 0.5 5 0.6 5 2.5
100 2.5 8 4.5 20 0.8 20 0.6 70 2.5
100 1.25 100 4.5 35 0.8 20 0.8 70 1.25
125 1.25 35 0.6 30 0.8 110 1.25

75 0.6 30 0.6 110 1.25
85 0.9 75 0.6 125 1.25
100 0.9 75 0.7
80 0.7
80 0.9
100 0.9
Table 36: Random vibration Grus for launch vehicles.
HTV ATV Falcon 9 Orbital Cygnus PSLV
Grus Duguon Grus Duglon Gruns Duguon Grmns Duguon Grus Duglon
4 60 5.84 60 7.25 60 4.4 60 6.7 60
NASA GEVS NASA GEVS
Electron Qualification QB-50 Acceptance Vega C
Duration Duration Duration Duration Duration
G G G G G
RMS (S) RMS (S) RMS (S) RMS (S) RMS (S)
4.14 60 14.4 120 8.03 120 10 60 8.8 60
Table 37: Design loads accounting for NASA recommended FOS.

Quiasi-Static Sinusoidal Vibration Random Vibration-

Acceleration (g) Frequency (Hz) Acceleration (g) Frequency (Hz) PSD (g?/Hz)

20 0.026
5-100 3.125 20-50 +6 dB/oct
50-800 0.16
16.25 800-2000 6 dBJoct
100-125 1.5625 2000 0.026
Overall Grwms 14.1

K Composite material properties (FR-4, CFRP) are along fibre orientation.
L Qualification levels for system with mass less than 22.7 kg. Correction factor to be applied for mass above 22.7
kg.
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Table 38: Cost correction to 2021 US$ accounting inflation.

- . Specific Launch
Launch Vehicle Sggzltﬁ((ijlégyknc)h ”;gi&orn Cost 2021$
9 (US$/kg)
Ariane 5 13100 1.0573 13850.63
Atlas V 6560 1.5902 10431.712
Electron 32700 1.0573 34573.71
Falcon 9 2700 1.0573 2854.71
Falcon Heavy 1400 1.0573 1480.22
LauncherOne 20000 1.0573 21146
Long March 2C 10000 1.0573 10573
Long March 3B 6300 1.0573 6660.99
Proton SL-13 4100 1.0573 4334.93
PSLV 6600 1.0573 6978.18
Soyuz 7600 1.0573 8035.48
Vega 10000 1.0573 10573
Table 39: Launch cost estimate for a kilogram of space hardware.
Normalised
. Specific Launch | Average Launch | Specific Launch
Launch Vehicle Cost (US$/kg) per Annum Cost
(US$/kg)
Ariane 5 13850.63 14 193908.8
Atlas V 10431.71 6 62590.27
Electron 34573.71 4.75 164225.1
Falcon 9 2854.71 16.83333333 48054.29
Falcon Heavy 1480.22 0.333333333 493.4067
LauncherOne 21146 2 42292
Long March 2C 10573 15 15859.5
Long March 3B 6660.99 3.785714286 25216.61
Proton SL-13 4334.93 12 52019.16
PSLV 6978.18 2.785714286 19439.22
Soyuz 8035.48 12 96425.76
Vega 10573 1.875 19824.38
Average 10957.71 - 61695.71
Table 40: Chemical composition limits for aluminium alloys [42].
Additive Aluminium Alloy Composition (%)
Alloy Type 2014 2024 6013 6061 7075
Silicon 0.5-1.2 0.5 0.6-1 0.4-0.8 0.4
Iron 0.7 0.5 0.5 0.7 0.5
Copper 3.9-5 3.8-4.9 0.6-1.1 0.15-0.4 1.2-2
Manganese 0.4-1.2 0.3-0.9 0.2-0.8 0.15 0.3
Magnesium 0.2-0.8 1.2-1.8 0.8-1.2 0.8-1.2 2.1-2.9
Zinc 0.25 0.25 0.25 0.25 5.1-6.1
Titanium 0.15 0.15 0.1 0.15 0.2
Chromium 0.1 0.1 0.1 0.04-0.35 0.18-0.28
Others 0.15 0.15 0.15 0.15 0.15
Aluminium Balance

M Costs were corrected to 2021 US$ using the Consumer Price Index (CPI). (CPI Inflation Calculator, 2021)




Table 41: Mechanical Properties of Aluminium Alloy [42].N

Aluminium Allo Ultimate Strength Yield Strength Young’s
y (MPa) (MPa) Modulus (GPa)
2014-T651 460 405 71
2024-T861 480 440 72
6013-T651 370 325 70
6061-T651 290 240 69
7075-T651 540 470 72
Table 42: Specification of Main Spring [85].
Specification Quantity
Maximum Force 15N
Stroke 450 mm
Compressed Length 50 mm
Outer Diameter Around 20 mm
Material Stainless Steel
Table 43: Deployment velocity based on location in pod.
Location | Deployment Velocity (m/s)
in Pod 6x1P 3x2P 2x3P
Top 1.088
1.627 1485 1.744
2.136
to 5718 2.354
3.535 2.99
.662
Bottom 5.179 3.66
<=16.6
2
C:____._.--_.__-—""'"___ i g — 7_
T o F=1514+1.08N Tau = 958 MPa
o _Fn=15.15N Taun = 958 MPa
U, N\  Fc=15.80N Tauc = 999 MPa
L De=19=+05 S
_(Dm =18.1) | g
(Di=17.2) _ =S § 2l o (Spring Rate R = 0.0337 N/mm)
= = T ®| g g (Wire LengthL = 1890 mm)
of UV (Coil Pitch P = 16.54 mm)
- < {L}) (Mass m=9.5g)
;:1.0 n I ! ! '

Figure 125: Main spring drawing showing tolerance [85].

N Mechanical properties are dependent on tempering (heat treatment) process.
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Table 44: Specification of Torsion Springs.

Specification

Quantity
Part Number TS100990R/L
Position A
Maximum Torque 54.9 N mm
Maximum Deflection 167 °
Leg Length 9.75 mm
Material Stainless Steel

Table 45: Specification

of door retainer spring.

Specification

Quantity
Part Number D20944
Maximum Force 59N
Stroke 10.7 mm
Compressed Length 10.3 mm
Material Stainless Steel

Table 46: Specification of push back spring.

Specification

Quantity
Part Number D21470
Maximum Force 12.69 N
Stroke 9.78 mm
Compressed Length 8.72 mm
Min Clearance Diameter 6.01 mm

Material

Stainless Steel

Table 47: Minimum separation distance for deployment velocity of 1 m/s.

. Separation Distance (m)
Location LEO GTO
After % orbit (deployment parallel to
0.59 4
angular momentum)
After 1 orbit (all orientation except
deployment along orbital velocity 1.11 35.5
vector)
Table 48: Properties of cantilever beam used for solver validation [94].
Property Value Unit
Length 0.8 m
Width 0.05 m
Height 0.006 m
Young’s Modulus | 210 x 10° Pa
Density 7856 Kg/m?®
Poisson’s Ratio 0.3 -
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Table 49: Modal analysis comparison for FEM methods.

Model 1 Model 2
Mode Frequency (Hz) Frequency (Hz)
Number | Mid-Plane | 3D Mesh E(';/':;r Mid-Plane | 3D Mesh E(E/roc;r
Method Method Method Method
1 5.4007 6.0552 12.12 496.53 746.46 33.48
2 34.044 37.784 10.99 504.39 1062 52.51
3 62.427 74.475 19.3 574.11 1096.2 47.63
4 95.877 105.61 10.15 577.94 1384.2 58.25
5 188.73 206.76 9.55 1003.7 1551.5 35.31
6 312.11 341.28 9.35 1009.4 1577.1 36
Table 50: Static and dynamic analysis comparison for FEM methods.
Sinusoidal Random Quasi-Static
Excitation Maximum Maximu_m Maximum Maximu_m Maximum Maximu_m
Stress Deformation Stress Deformation Stress Deformation
(MPa) (mm) (MPa) (mm) (MPa) (mm)
Mid-Plane
Method 869.57 303.55 44.275 3.11 695.98 222.76
Model 1 ™3p Method | 203.96 108.49 28.158 3.0045 355.21 182.01
Error (%) 326.34 179.8 57.24 3.51 95.93 22.39
Miablane | 21908 | 00086 | 89026 | 05145 | 65248 | 00244
Model 2 3D Method 0.8425 0.0037 41.416 0.1742 47615 0.015
Error (%) 61.54 56.98 53.48 66.14 27.02 38.52
Table 51: Comparison of solver results based on beam theory.
Frequency (Hz)
Mode | Type Numerical Theoretical | Error (%)
Result Result
1 Bending 7.6769 7.829942 1.954578
2 Bending 48.1 49.06981 1.976387
3 Bending 63.585 65.24952 2.551006
4 Bending 134.69 137.3979 1.970814
5 Torsion 229.16 229.5667 0.17715
6 Bending 264.01 269.2437 1.943848
7 Bending 391.46 408.9151 4.268631
8 Bending 436.63 445.0763 1.897719
9 Bending 652.62 664.8671 1.842032
10 Torsion 688.89 688.7 0.027584
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Table 52: Changes in baseline parameter values based on study.

Baseline Post Study | Thickness Mass
Parameter Value Value Change Saved
(mm) (mm) (mm) (grams)
+X Panel Thickness 1 0.5 0.5 50.81
-X Panel Thickness 1 0.5 0.5 50.81
+Y Panel Thickness 1 0.5 0.5 45.23
-Y Panel Thickness 1 1 0 0
-Z Panel Thickness 1 0.5 0.5 8.48
Rib Thickness 5 5 0 0
Rib Horizontal Thickness 15 5 10 17.17
Guide Mechanism
Parameter 1 Thickness 3 3 0 0
Guide Mechanism
Parameter 2 Thickness 4 3 1 6.33
Total Mass Saved 178.83

Table 53: Sensitivity of PQ mass distribution.

PocketQube 3P-2 2P-3 1P -6
Combination | Numbers | Numbers | Numbers | Error (%)
Mode Frequency (Hz)

1 146.72 146.55 146.44 0.19
2 196.66 196.6 196.56 0.05
3 231.93 231.6 231.3 0.27
4 236.03 235.56 235.08 0.40
5 307.41 306.98 306.63 0.25
6 403.82 403.63 403.49 0.08
7 438.12 438.1 438.07 0.01
8 446.76 444,55 442.37 0.98
9 472.44 471.17 469.38 0.65
10 504.94 504.59 503.03 0.38

Table 54: PocketQube deployment velocity based on position in pod (specific case).

PocketQube Deployment Velocity (m/s)
PocketQube Stacking
Order 1 2 3 4 5 6
(Refer Figure 102)
. Top 1.744 |1 1.088 | 1.744 | 1.485 | 1.088 | 1.485
Pi‘r’f;,t(')‘(’j” Middle | 2.886 | 1.911 | 2.718 | 2.136 | 2.106 | 2.499
Bottom 5.179 | 299 | 3.662 | 2.99 | 3.662 | 5.179
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Table 55: Mass Budget (Single Pod).

. . Specific Total Mass
Sub-System Part Quantity | Material Mass (grams)
Door Assembly 85.62
Door Bottom 1 Al-6061 15.71 15.71
Door Top 1 Al-6061 23.63 23.63
Door Bracket 1 Al-6061 7.28 7.28
Hinge 1 2 Al-6061 0.86 1.72
Hinge 2 2 Al-6061 1.05 2.1
Door Retainer Pin 1 Al-7075 0.52 0.52
Door Retainer Plate 1 Al-6061 1.38 1.38
Push Back Holder 2 Al-6061 0.41 0.82
Torsion Spring LH 1 SS 0.75 0.75
Torsion Spring RH 1 SS 0.75 0.75
Push Back Spring 2 SS 0.4 0.8
Door Retainer Spring 1 SS 0.16 0.16
Pin Puller P5 1 - 30 30
Pusher Plate
Assembly 2
Pusher Plate 1 Al-6061 5.58 5.58
Pusher Plate Guide 2 Vespel 8.09 16.18
Pusher Plate Stopper 2 Al-6061 3 6
Main Spring 1 SS 9.5 9.5
Structure 688.68
Guide Mechanism 1 Al-6061 283.29 283.29
+X Panel 1 Al-7075 58.34 58.34
-X Panel 1 Al-7075 58.34 58.34
+Y Panel 1 Al-7075 44.99 44.99
-Y Panel 1 Al-7075 115.39 115.39
Rib 1 Al-6061 101.76 101.76
Bottom Panel 1 Al-7075 8.47 8.47
Fasteners 1 A4-70 18.1 18.1
Deployer
Electronics . i & -
Total Mass 841.56
Table 56: Mass Budget (Multi Pod).
. . Specific | Total Mass
Sub-System Part Quantity | Material Mass (grams)
Door Assembly 16 1404.48
Door Bottom 1 Al-6061 13.9 13.9
Door Top 1 Al-6061 21.34 21.34
Door Bracket 1 Al-6061 7.28 7.28
Hinge 1 2 Al-6061 0.86 1.72
Hinge 2 2 Al-6061 1.31 2.62
Door Retainer Pin 1 Al-7075 0.52 0.52
Door Retainer Plate 1 Al-6061 1.52 1.52
Push Back Holder 2 Al-6061 0.41 0.82
Torsion Spring LH 1 SS 0.75 0.75
Torsion Spring RH 1 SS 0.75 0.75
Push Back Spring 2 SS 0.4 6.4
Door Retainer Spring 1 SS 0.16 0.16
Pin Puller P5 1 - 30 30
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Pusher Plate
Assembly 16 596.16
Pusher Plate 1 Al-6061 5.58 5.58
Pusher Plate Guide 2 Vespel 8.09 16.18
Pusher Plate Stopper 2 Al-6061 3 6
Main Spring 1 SS 9.5 9.5
Structure 7617.75
Guide Mechanism 16 Al-6061 279.93 4478.88
+X Panel 1 Al-7075 221.87 221.87
-X Panel 1 Al-7075 221.87 221.87
+Y Panel 1 Al-7075 181.11 181.11
-Y Panel 1 Al-7075 181.11 181.11
-Z Panel 1 Al-7075 324.13 324.13
Side Rib 2 Al-6061 246.6 493.2
Mid Rib X 2 Al-6061 244.37 488.74
Mid Rib Y 1 Al-6061 463.44 463.44
Guide Mecranism Mid 4 | ALTOT5 | 1072 78.88
Top Rib 1 Al-6061 248.42 248.42
Mid Lock 4 Al-6061 9.6 38.4
Door Lock 8 Al-6061 1.55 12.4
Fasteners 1 A4-70 185.3 185.3
Deployer
Electronics 1 ) & =t
Total Mass 9668.39

Table 57: Combination of weights used for spring characterization.

Weight Combination Mass on Spring (grams) Applied Force (N)
0 36 0.35316
50+50 136 1.33416
100+50+50 236 2.31516
200+200 436 4.27716
200+200+100 536 5.25816
240+200+100+50+50 676 6.63156
240+250+200+200+100 1026 10.0651
875+240+200 1351 13.2533
875+240+200+200 1551 15.2153
Table 58: Recommended tolerance during testing [51].
Test Type Variable Tolerance
Steady-State Acceleration - 5%
. . N Frequency 2%
Sinusoidal Vibration -
Amplitude +10%
RMS Level +10%
(. Acceleration ral
Random Vibration ceeleration Spectra +3dB
Density
Duration +10% /-0 %
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11.1 Appendix A (Structural Analysis Results)

A: Modal

Mode 1

Type: Total Deformation
Frequency: 32.309 Hz
Unit mm

24-06-2020 1835

A: Modal

Mode 2

Type: Total Deformation
Frequency: 35.104 Hz
Unit mm

24-06-2020 18:36

32.334 Max 36.047 Max
28741 32042
25148 28037
21556 | 24031
17.963 20026
1437 18021
10778 12016
7.1852 80105
35926 40052
0 Min 0 Min
000 50.00 100.00 (mm) L oo 000 100.00 (mm) .
— — 7 —
2.0 7500 2500 7500
A: Modal A: Modal
Mode 3 Mode 4
Type: Total Deformation Type: Total Deformation
Frequency: 88463 Hz Frequency: 94.141 Hz
Unit mm Unit mm
24-06-2020 18:34 24-06-2020 1835
185.74 Max 176.23 Max
E 165.1 15665
14447 137.07
12383 11748
10319 97.207
82552 78326
{ 61914 58744
§ 41276 39163
20638 19581
0 Min 0 Min
z z
e ;
X
o 10000 20000 (me) a0 10000 20000 ()
— — — — 1
5000 15000 sa00 15000
A: Modal A: Modal
Mode 5 Mode 6
Type: Total Deformation Type: Total Deformation
Frequency: 10258 Hz Frequency: 105.08 Hz
Uit mm Unit mm
24-06-2020 1832 24-06-2020 1833
141.97 Max 139.33 Max
E 1262 E 12385
11042 108.37
94643 52889
77407
61926
46444
30963
15.481
0 Min
z z
5 Lz,
om0 100.00 20000 (mm) 000 10000 20000 (mm)
— — — ]
000 15000 5000 15000

Figure 126: Modal analysis results version 1 — Longitudinal Configuration.
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A: Modal

Mode 1

Type: Total Deformation
Frequency: 35477 Hz
Unit: mm

25-06-2020 15:37

. 36.765 Max

1

Type: Total Deformation
Frequency: 3571 Hz
Unit mm

25-06-2020 15:39

. 36.493 Max
32438

B 28383

Type: Total Deformation
Frequency: 122.05 Hz
Unit: mm

25-06-2020 15:40

74.444 Max
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57.901
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41.358
33.086
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16,543
82715
0 Min

7500

X

A: Modal

Mode 4

Type: Total Deformation
Frequency: 15069 Hz
Unit: mm

25-06-2020 15:41

130.3 Max
! 115.82

A: Modal
Mode 5
Type: Total Deformation
Frequency: 207.39 Hz
Unit: mm
25-06-2020 15:42

124.53 Max

5000

A: Modal
Mode 6

Type: Total Deformation
Frequency: 307.25 Hz
Unit: mm
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. 17037
= 14908
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42594
I 21297
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Figure 127: Modal analysis results version 2 — Longitudinal Configuration.
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A: Modal

Mode 1

Type: Total Deformation
Frequency: 89.777 Hz
Unit: mm

01-07-2020 23:19

A: Modal

Mode 2

Type: Total Deformation
Frequency: 166.13 Hz
Unit: mm

01-07-2020 23:20
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Figure 128: Modal analysis results Version 1 — Lateral Configuration.
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A: Modal

Mode 1

Type: Total Deformation
Frequency: 146.72 Hz
Unit: mm

A: Modal

Mode 2

Type: Total Deformation
Frequency: 196.66 Hz
Unit: mm
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Figure 129: Modal analysis results Version 2 — Lateral Configuration.
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A: Modal

Total Deformation
Type: Total Deformation
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Figure 130: Modal analysis results Version 3 — Lateral Configuration.

11.1.5.1 System Response X Direction

F: Harmonic Respanse
Total Deformation

Type: Total Deformation
Sweeping Phase: 0. °
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Maximum Over Frequency

0.096316 Max

E 0.085615
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F: Harmonic Response
Equivalent Stress
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Unit: MPa
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H
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Figure 131: Deformation, induced stress sinusoidal X excitation.
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Figure 132: Sinusoidal frequency response X excitation.

€: Random Vibration
Directional Deformation
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Figure 133: Directional deformation, induced stress random X excitation.
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Figure 134: Random frequency response X excitation.
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: Static Structural +X
Total Deformation
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11.1

.5.2 System Response Y Direction
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Figure 135: Deformation, induced stress quasi-static X excitation.

G: Harmonic Response Y
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Figure 136: Deformation, induced stress sinusoidal Y excitation.
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Figure 137: Sinusoidal frequency response Y excitation.
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D: Random Vibration ¥
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Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: mm

Solution Coordinate System
Time: 0

0.059931 Max
F 0.053272

0.033295
0.026636
0.019977
0013318
0.006659
0 Min

A

0.00 50.00 100.00 (mm})
-_—
25.00 75.00

= 0.68779

D: Random Vibration ¥
Directional Deformation 2
Type: Directional Deformation(Y Axis)
Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: mm

Solution Coordinate System
Time: 0

1.0317 Max
0.91706
080243

057316
045853
0.3439
0.22926
011463
0 Min

0.00 50.00 100,00 (mm)
— —
25.00 75.00

D: Random Vibration ¥
Directional Deformation 3
Type: Directional Deformation(Z Axis)
Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: mm

Solution Coordinate System
Time: 0

0.40054 Max
F 0.35604

A

0.00 50.00 100.00 (mm)

—_—
25.00 75.00

. 344.87 Max

== 26824

D: Random Vibration ¥
Equivalent Stress

Type: Equivalent Stress
Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: MPa

Time: 0

306.56

229.93
191.61
1533

11498
76.667
381352
0.036351

0.00 50.00 100.00 (mm}
—
25.00 75.00

Figure 138: Directional deformation, induced stress random Y excitation.

Random Response (Y Excitation)
X Axis
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Z Axis
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Frequency (Hz)
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X Axis
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Figure 139: Random frequency response Y excitation.

K: Static Structural +¥
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

0.19768 Max

E 017572
0.15375
013179
0.10982
0.087859
0.065894
0.04393
0.021965
0 Min

A

0.00 50.00 100.00 (mm)
—_—

25.00 75.00

K: Static Structural +Y

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

87.285 Max
77.587
67.889
58.19

48492
38.794
29.096
19.397

0.00

5000 100.00 (mm)
—_—

—
25.00 75.00

Figure 140: Deformation, induced stress quasi-static Y excitation.




H: Harmonic Response Z
Total Deformation

Type: Total Deformation
Sweeping Phase: 0.

Unit: mm

Maximum Over Frequency

. 0.033027 Max

0.029357

= 0025688
0022018
0.018348

E 0014679
0.011009
0.0073393

I 0.0036696

0 Min

A

000 50.00 100.00 (mm)

_—
25.00 75.00

H: Harmonic Response Z
Equivalent Stress

Sweeping Phase: 0.
Unit: MPa
Maximum Over Frequency

. 10.828 Max

96248
84217
12187
6.0156

:‘ 48126

b 3.6085

24065
I 1.2034
0.0003718 Min

Type: Equivalent (von-Mises) Stress|

0.00 25.00 50.00 (mm)
—

—
12.50 37.50

Figure 141: Deformation, induced stress sinusoidal Z excitation.
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Figure 142: Sinusoidal frequency response Z excitation.

E: Random Vibration Z
Directional Deformation

Type: Directional Deformation(X Axis)

Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: mm

Solution Coordinate System
Time: 0

0.084836 Max
. 0.075409
0.065983
0.056557
0.047131
E 0.037705
0028279
0.018852
I 0.0094262

0 Min

A

000 50.00 100.00 (mm)
—
25.00

75.00

E: Random Vibration Z
Directional Deformation 3

Type: Directional Deformation(Z Axis)

Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit mm

Solution Coordinate System
Time: 0

0.47371 Max

. 042108
0.36844
0.31581

0.26317
E 0.21054
0.1579

0.10527
I 0052635
0 Min

L

0.00 45.00 90.00 (mm)

22.50 67.50

E: Random Vibration Z
Directional Defermation 2

Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: mm

Solution Coordinate System
Time: 0

. 0.70273 Max

0.62465
0.54657
046848
0.3904

] 031232

B 0.23424

0.15616
I 0.078
0 Min

Type: Directional Deformation(Y Axis)

A

0.00 50.00 100,00 (mm)
— —
25.00 75.00

E: Random Vibration Z
Equivalent Stress

Type: Equivalent Stress
Scale Factor Value: 3 Sigma
Probability: 99.73 %

Unit: MPa

Time: 0

244.95 Max

. 21775

= 190.55
163.35
13615

] 108.95

B 81747

54 547
I 27.348
0.14779 Min

..

0.00 25.00 50.00 (mim}
— —
12.50 37.50

Figure 143: Directional deformation, induced stress random Z excitation.
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Figure 144: Random frequency response Z excitation.

M: Static Structural +Z
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

0.12593 Max
E 0.11194
0.097948

0.083955
0.069963
0.05597

0041978
0.027985
0.013993
0 Min

A

0.00 50.00 100.00 (mm}
_—

25.00 75.00

M: Static Structural +Z
Equivalent Stress

Type: Equivalent (von-Mises)]
Unit: MPa

Time: 1

41.312 Max

. 36721

os2an
27.541

22951
! 18.361
131

9.1812
I 459
0.0010989 Min

50.00 (mm}

12.50 37.50

Figure 145: Deformation, induced stress quasi-static Z excitation.

11.1.6.1 System Response X Direction

W: Harmonic Response
Total Deformation

Type: Total Deformation
Sweeping Phase: 0. °
Unit: mm

Maximum Over Frequenc

'W: Harmonic Response ¥
Equivalent Stress

Type: Equivalent (von-Mi
Sweeping Phase: 0.
Unit: MPa

Maximum Over Frequenc

0.087023 Max . 25.852 Max
E 0077353 2298
0.067684 20,07
0.058015 i 17.235
0.048348 14.362
0.038677 E 11.49
0.029008 B6173
0019338 57449
0.0096692 I 28725
0 Min 2.0907e-5 Min
0.00 5000 10000 (mm) 0.00 50.00  100.00 (mm)
—-— — L
25.00 75.00 25.00 75.00
Figure 146: Deformation, induced stress sinusoidal X excitation.
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20
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Figure 147: Sinusoidal frequency response X excitation.




P: Random Vibration X

Probability: 99.73 %

Unit: mm

Solution Coordinate Syster
Time: 0

1.0679 Max
H 094924
083058
0.71193
0.59327
0.47462
0.35596
023731
0.11865
0 Min

000 5000 100.00 (mm}
—
2500 75.00

P: Random Vibration X

Probability: 99.73 %
Unit mm

Solution Coordinate Systen
Time: 0

0.34647 Max
F 030797
0.26948
0.23098
019248
0.15399
0.11549
0076393
0.038497

0 Min

0.00 50.00 10000 (mm)
—-— —_—
25.00 75.00

P: Random Vibration X
Directional Deformation Z |
Type: Directional Deformatf§
Scale Factor Value: 3 Sigmal
Probability: 99.73 %
Unit: mm

Solution Coordinate Systeni
Time: 0

0.63157 Max
H 0.56139
049122
0.42105
0.35087

0.2807
021052
0.14035
0070174

000 5000 100.00 (mm}
—
2500 75.00

P: Random Vibration X
Equivalent Stress

Type: Equivalent Stress r
Scale Factor Value: 3 Sigmag]
Probability: 99.73 %
Unit: MPa

Time: 0

387.19 Max

E 34417
301.15
258.13
21511
17209
12907
86.045
43.024
0.00295 Min

000 5000 100.00 (mm}
-— -

25.00 75.00

Figure 148: Directional deformation, induced stress random X excitation.

Z: Static Structural X
Total Deformation

Type: Total Deformation
Unit: mm

Maximum Over Time

0.25494 Max

E 0.22661
0.19829
0.16996
0.14163
011331
0.08498
0.056653
0.028327
0 Min

000 5000 100.00 (mm}
- -
2500 7500

Z: Static Structural X
Equivalent Stress
Type: Equivalent (von-Mises 8
Unit: MPa

Maximum Over Time

118.3 Max
! 105.16
920m

= 78866
65.722
52578
39.433
26.289
13144
2.9532¢-5 Min

000 5000  100.00 (mm)
-_— -_—
2500 7500

Figure 149: Deformation, induced stress quasi-static X excitation.

11.1.6.2 System Response Y Direction

X: Harmonic Respanse ¥
Total Deformation

Type: Total Deformation
Sweeping Phase: 0.
Unit: mm

Maximum Over Frequency

0.13636 Max
E 012121
0,10606
0090907
0075756
0060605
0045453
0030302
0015151

0 Min

0.00 50.00  100.00 (mm)
—-— —
25.00 75.00

X: Harmenic Response Y
Equivalent Stress

Type: Equivalent (von-Mise|
Sweeping Phase: 0.

Unit: MPa

32.535 Max
‘ 28.92
25305

[ 21.69
18.075
14.48
10.845
7.2303
36154
0.00050064 Min

000 5000 100.00 {mm)
[

25.00 75.00

Figure 150: Deformation, induced stress sinusoidal Y excitation.
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Figure 151: Sinusoidal frequency response Y excitation.

Q: Random Vibration ¥

Directional Deformation X
Type: Directional Deformatidl
Scale Factor Value: 3 Sigma i
Probability: 39.73 %
Unit: mm ]
Solution Coordinate System

Time: 0

u

0.40197 Max
03573
0.31264
026798
022331
017865
0.13399
0.089326
0.044663

0 Min

0.00 50.00 10000 {mm)
-_—

-_—
25.00 75.00

Q: Random Vibration ¥
Directional Defermation ¥

Probability: 99.73 %
Unit: mm ]
Solution Coordinate System

Time: 0

u

1.4956 Max
13295
1.1633
0.99709
0.83091
0.66473
0.49855
033236
0.16618

0 Min

000 5000 100,00 (mm)
-_— -

25.00 75.00

Q: Random Vibration ¥
Directional Deformation Z
Type: Directional Deformatid
Scale Factor Value: 3 Sigma |
Probability: 93.73 %
Unit: mm
Solution Coordinate System |
Time: 0
0.52229 Max
E 046426
040622
034819
029016
023213
01741
0.11606
0058032
0 Min

0.00
—-—
25.00

50.00 10000 {(mm)

75.00

@: Random Vibration ¥
Equivalent Stress
Type: Equivalent Stress

Probability: 99.73 %
Unit: MPa
Time: 0
356.64 Max
! 3o
277.39
23776
198.14
15851
11889
79.262
39.636
0.010714 Min

Q.00 5000 100.00 (mm)
-—

—-—
2500 75.00

Figure 152: Directional deformation, induced stress random Y excitation.

AA: Static Structural Y
Total Deformation

Type: Total Deformation
Unit: mm

Maximum Over Time

u

0.30428 Max
0.27047
0.23666
0.20285
0.16904
0.13523
0.10143
DO6761Y
0.033808

0 Min

100.00

200.00 (mm)

50.00 150.00

AA: Static Structural Y
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Maximum Cver Time

H

79.971 Max
71.085

622

53.314

44429

35.543

26.658

17372

8.8868
0.0012517 Min

100.00

¥,
200.00 (mm)

50.00 150,00

Figure 153: Deformation, induced stress quasi-static Y excitation.
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11.1.6.3 System

Response Z Direction

¥: Harmonic Response Z
Total Deformation

Type: Total Deformation
Sweeping Phase: 0.*
Unit: mm

0.028895 Max

E 0.025685
0022474
0.019263
0.016053
0012842
0.0096317
0.0064211
0.0032106
0 Min

Maximum Over Frequency

0.00 50.00
-_—
25.00

100.00 (mm)
75.00

¥: Harmonic Response Z
Equivalent Stress

Sweeping Phase: 0.
Unit: MPa
Maximum Qver Frequency

7.2532 Max

. 64473

= 56414
48355

40296
5 3.2237
24177
1.6118
I 0.80592

2.8069e-6 Min

Type: Equivalent (von-Mises|

000 5000 10000 (mm)

-— -
25.00 75.00

Figure 154: Deformation, induced stress sinusoidal Z excitation.
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Figure 155: Sinusoidal frequency response Z excitation.

R: Random Vibration Z
Directional Deformation X
Type: Directional Deformati

Probability: 99.73 %
Unit: mm |
Solution Coordinate System

Time: 0

0.16402 Max

E 01458
012757
010935
0.091125
0.0729
0.054675
0.03645
0.018225
0 Min

0.00

5000 100,00 (mm)
—-— —_—
25.00 75.00

R: Random Vibration Z

Directional Deformation Z
Type: Directional Defarmatidl
Scale Factor Value: 3 Sigma [
Probability: 99.73 %
Unit: mm 1
Solution Coordinate System

Time: 0

0.83749 Max
E 0.74444
065138
0.55833
046527
037222
027916
018611
0.093054

0 Min

0.00

50.00 10000 {(mm)

-_—
25.00 75.00

R: Random Vibration Z
Directional Defermation ¥

Probability: 99.73 %
Unit: mm ]
Solution Coordinate System

Time: 0

0.59069 Max
! 0.52506
045943

03938
032816
0.26253
0.1969
013127
0.065633
0 Min

Q.00 50,00 100.00 (mm)
-—

—
25.00 75.00

R: Random Vibration Z
Equivalent Stress

Type: Equivalent Stress
Scale Factor Value: 3 Sigma
Probability: 99.73 %
Unit: MPa

Time: 0

258.07 Max
! 2294 Max

200.72

172.05

14338

1147

86.028

57.353

28679

0.0050361 Min

0.00
—-—
25.00

50.00  100.00 (mm)
—
75.00

Figure 156: Directional deformation, induced stress random Z excitation.
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AB: Static Structural Z
Equivalent Stress

Type: Equivalent (von-Mises)
Unit: MPa

Maximum Cver Time

. 51.5 Max

45778
40.056

[ 3433

28611
! 22,889
17.167

11.444
I 57223
2.9382e-5 Min

¥,
000 5000 100.00 (mm) 000 5000 100,00 (mm) .
-— . [ —

25.00 75.00 25.00 75.00

Figure 157: Deformation, induced stress quasi-static Z excitation.

11.2 Appendix B (Estimator Scripts)

AB: Static Structural Z
Total Deformation

Type: Total Deformation
Unit: mm

Maximum Over Time

0.094096 Max
! 0083641
0073186
0062731

0052275
004182
0031365
002091
0.010455
0 Min

o\°

Ashvij Narayanan

Spring Deployment Velocity Calculation
% May 20,2020

clear

clc

o\°

%% Initialization
ftol=1.08;

1ltol=25.3;
b=0;

=[15.14+ftol 07;
m=1.5-(b*0.25);

=[50 500+1tol]*1le-3;
s=390e-3;

dx=1e-3;

=(b*64e-3) :dx:s;
fs=((£(2)-£(1))*x/ (1 (1)) +£(1);
v=zeros (length (m), length(x)),
dt=zeros (length(m), length(x));
as=fs./m';

o

Force Tolerance (N)

Deflection Tolerance (mm)

PQ Reduction Factor

Spring Force (N)

Satellite Mass (kqg)

Compressed & Uncompressed Length (m)
Stroke Length of Spring (m)
Discretization

d° d° o° o° o° o°

oe

o\°

Initial Velocity (m/s)

Instantaneous Acceleration
m/s?2)
Spring Constant (N/m)

—~ o°

o\°

k=(£(1)-£(2))/(1(2)-1(1));

%% Friction Analysis

mus=0.8; % Static Coefficient of Friction
muk=0.5; % Kinetic Coefficient of Friction
p=10; % Force Percentage

o\°

ffr=muk*p*fs/100;
ffr(1)=£ffr (1) *mus/muk;
afr=(fs-ffr)./m';

vfr=zeros (length(m), length(x));
dtfr=zeros (length (m), length(x));

Friction Force (N)

%% Velocity and Time Calculation

for j=1l:length (m)

for i=1:length (x)
v(j,i+l)=sqgrt((v(j,i)"2)+2*as(j,1) *dx);
dt (j,i+1)=dt (j, 1)+ (dx/v(3,1i+1));
vir(j,i+1l)=sqgrt((vfr(j, 1) "2)+2*afr(j, 1) *dx) ;
dtfr(j,i+1)=dtfr(j, i)+ (dx/vfr(j,i+1));

end

vdep () =v(j,i+1);

tdep(j)=dt(j,i+1);

vdepfr (j)=vir(j,i+1);

tdepfr(j)=dtfr(j,i+1);
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end

%% Friction Output
output (1, :)=m;

output (2, :)=vdepfr;
output (3, :)=tdepfr;

%% V Theoretical

vth=sqrt (k* (((1(2)-1(1)).72)-((1(2)-(x+1(1)))."2))./m");
vth(:,1i+1)=NaN;

er=abs (vth-v) ;

%% Momentum Balance Check

output (1, :)=m;

output (2, :)=vdep;

output (3, :)=tdep;

output (4, :)=m. *vdep./tdep; % Equivalent Force (N)
%% Energy Balance Check

PE=0.5*k* (1 (2)-(x+1(1))) ."2;

KE=0.5*m*v."2;

TE=PE+KE;

11.2.2 Door Deployment Time Estimator Script

%% Torsion Spring Calculation

clear

clc

%% Requirement of Torsion Spring

ar=11; % Acceleration Required (m/s”2)
md=90e-3; % Door Mass (g)

fr=md*ar; % Force Required (N)

d=54e-3; % Centre of Mass of door (m)
tr=fr*d; % Required Torque (Nm)

%% Actual Spring Calculations
tot al=deg2rad(167);
maxtor=2e-3*54.9;
stowtor=maxtor* (pi/2)/tot al;

o

Alpha (rad)

Torque at alpha degrees (Nm) (2 Nos.)

Torque provided by spring at stowed
position (Nm)

Angle of Rotation required (°)

Discretization (rad)

o\°

o\°

oe

tottheta=110;

dtheta=le-4;
theta=0:dtheta:deg2rad(tottheta);
dep al=deg2rad(-20);
stow_al=deg2rad(90);

al=dep al:dtheta:stow_al;
k=maxtor/tot al;

oe

o\°

Alpha when stowed (rad)
Alpha when deployed (rad)

oe

%% Calculation of torsion spring force
tal=maxtor*al/tot al;

tal=flip(tal);

tal (tal<0)=0;

fal=tal/d; % Actual Force
aal=fal./md'; % Actual Acceleration
I=md*d"2; % Door Moment of Inertia (kgm2)

oe

alpha=tal./I';
omega=zeros (length (md) , length (theta));
dt=zeros (length (md), length (theta));

Angular Acceleration (rad/s2)
Angular Velocity (rad/s)

oe

%% Test Adjustment for Gravity (Vertical)
fgv=md*9.81.*cos (theta) ;

tgv=fgv*d;

falgv=fal-fgv;

talgv=tal-tgv;

alphagv=talgv/I;

omegagv=0;

dtgv=0;

%% Test Adjustment for Gravity (Horizontal)
fgh=md*9.81.*sin (theta);
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tgh=fgh*d;
falgh=fal-fgh;
talgh=tal-tgh;
alphagh=talgh/I;
omegagh=0;
dtgh=0;

value=0;

%% Integrator

for j=1l:length (md)

for i=1l:1length (theta)
omega (j,i+1l)=sqgrt ((omega (j,i)"2)+(2*alpha(j, i) *dtheta));
dt (j,i+1)=dt(j, i)+ (dtheta/omega (j,i+1));

%% Gravity Compensation
omegagv (j,i+1l)=sqgrt ((omegagv(j, i) "2)+
omegagh (j, i+1)=sqgrt ((omegagh(j, i) "2)+
dtgv (j,i+1)=dtgv (j, i)+ (dtheta/omegagv
dtgh(j,i+1)=dtgh(j, i)+ (dtheta/omegagh

2*alphagv(j, i) *dtheta) ) ;
2*alphagh (j, 1) *dtheta));
J,1+1))
J,1i+1))

—~ e~~~

end

omegam (j)=omega (j, i+1);
tm(j)=dt(j,i+1);

end

%% Momentum Balance
output (1, :)=md*1000;

output (2, :)=d*omegam;
output (3, :)=tm;
output (4, :)=d*md.*omegam. /tm;

%% Energy Balance
PE=0.5*k* (flip(al)) ."2;
PE(flip(al)<0)=0;

PE (i+1)=NaN;
KE=0.5*I*omega.”"2;
TE=PE+KE;

11.3 Appendix C (System Integration Procedure)

Integration of door assembly is discussed independently as this procedure is common for single
pod and multi pod systems.

Procedure for integration of door assembly is sequentially listed below:

Assemble torsion springs between set of Hinge 1 and Hinge 2 - 2 Fasteners.

Attach Hinge 1 to Door Top - 2 Fasteners.

Rotate Door Top by 180° in X axis, place Door Retainer Spring and Door Retainer Pin.
Place Push Back Spring and Push Back Holder on Door Top (2 numbers).

Insert Door Bottom on top and apply pressure to compress Push Back Spring.
Assemble Door Top to Door Bottom using 5 fasteners.

Rotate assembly by 180° in X axis, attach Door Bracket onto Door Top - 2 Fasteners.
Assemble Pin Puller on Door Bracket — 3 Fasteners.

ONoGaRwWNE

This completes the procedure for integration of door assembly.

This section details the integration procedure for single pod PocketQube Deployment System.
The required steps are sequentially listed below:
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1. Attach -Z panel to Guide Mechanism — 2 fasteners.

2. Assemble Pusher Plate assembly — 2 fasteners.

3. Lock main spring at bottom using shim — 2 fasteners.

4. Compress Main Spring using collapsible mechanism, lock spring and pusher plate
assembly using 2 RBF screws.

5. Attach Rib to -Z panel — 2 fasteners.

6. Rotate assembly by 90° along X axis.

7. Assemble Guide Mechanism to -Y panel — 16 fasteners.

8. Attach £ X panels to Guide Mechanism and Rib — 24 fasteners.

9. Rotate assembly by -90° along X axis (starting orientation).

10. Assemble Pusher Plate Stopper (2 numbers) onto Guide Mechanism — 2 fasteners.

11. Assemble +Y panel to Rib — 10 fasteners.

12. Attach Door Assembly to + Y panel. Elements attaching for this procedure are Door
Retainer Plate, Hinge 2,+ Y panel and Rib respectively in direction of fastener thread.

13. Integrate designated PocketQubes onto PDS.

14. Door Retainer Pin must be compressed to stowed position, followed by rotation of door
assembly to stowed position.

15. Pin Puller to be locked by extending its pin using extension mechanism.

16. Attach deployer electronics (components and connectors). Assembly of single pod PDS
is complete.

17. Integrate system to launch vehicle using 10 fasteners and required electrical
connections. Remove 2 RBF screws from -Z panel.

This completes the procedure for integration of single pod PDS.

This section details the integration procedure for multi pod PocketQube Deployment System.
The required steps are sequentially listed below:

Assemble required numbers of door and pusher plate assembly (16 numbers).

Attach Mid Rib X to Mid Rib Y (2 numbers).

Assemble guide mechanisms adjacent to Mid Rib Y to rib (8 numbers).

Attach assembly to -Z panel using Guide Mechanism and Mid Rib X fasteners.

Assemble remaining guide mechanisms to -Z panel and fasten the fasteners attaching

between guide mechanisms (8 numbers).

Attach Guide Mechanism Mid Rib to Guide Mechanism (4 numbers).

7. Compress Main Spring using collapsible mechanism, lock spring and pusher plate

assembly using 2 RBF screws (16 numbers).

Assemble Mid Lock (4 numbers) and Door Lock (8 numbers) onto Top Rib.

9. Assemble Top Rib to Guide Mechanism top (16 numbers) and Mid Rib X (2 numbers).
A total of 32 pusher plate stoppers to be included during assembly of Top Rib to Guide
Mechanism.

10. Assemble Door Assembly having locking mechanism in middle of structure (Y AXxis)
(8 numbers).

11. Assemble £ Y panels to Guide Mechanism and Top Rib (2 numbers).

12. Assemble + X panels to Guide Mechanism, Mid Rib X and Top Rib (2 numbers). (Side
ribs to be included)

13. Assemble remaining door assembly to guide mechanism (8 numbers).

14. Integrate PocketQubes to respective pods followed by closing of pod doors and locking
of pin pullers.

15. Remove RBF screws to arm main spring of pods (32 numbers).

orwdPE
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16. Integrate multi pod PDS to launch vehicle using 24 fasteners.
17. Integrate deployer electronics (components and connectors) with launch vehicle.

This completes the procedure for integration of multi pod PDS.
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