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1 Abstract

The CubeSat is a type of small satellite, initially conceived reduce the cost access to
space to universities due to its small and standardised 10 cm × 10 cm × 10 cm cubic form
factor. The total number of CubeSats launched into space is growing exponentially due
to their low cost, doubling every 2.5 y, however the mission success rate has not increased
significantly since 2018, levelling off at 75% [1], [2].

Vibration and shock tests are industry standard procedures which aim to emulate
launch conditions, however they cannot perfectly replicate them [3]. Testing of CubeSats
on suborbital high-power rockets (HPR) is a novel qualification method that can poten-
tially replicate launch conditions more accurately than traditional shaker table tests,
and therefore better detect issues and improve the likelihood of mission success. While
there have been tests of university CubeSats on high-power rockets [4], there are no
direct comparisons to shaker table tests to evaluate their effectiveness as a qualification
method.

This paper outlines the construction of a data acquisition system to obtain acceler-
ation data from the HPR launch, the HPR launch and vibration table tests and finally
makes a direct comparison of the vibration environment on the HPR launch and vibra-
tion table.
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5 Introduction

5.1 Background

The University of Western Australia (UWA) Microelectronics Research Group (MRG)
is developing a 2U CubeSat to measure the health of vegetation through an infrared
camera array [5]. The CubeSat is a type of small satellite designed to reduce the cost
of access to space for universities and space startups due to its small and standardised
10 cm × 10 cm × 10 cm cube form factor. This CubeSat will launch on an Indian Polar
Satellite Launch Vehicle (PSLV) in the PSLV Orbital Experiment module (POEM),
which will host multiple CubeSats in orbit and will provide services including power and
communications to the CubeSat.

The total number of CubeSats launched into space is growing exponentially due to
their low cost, doubling every 2.5 y, however the mission success rate has not increased
significantly since 2018, levelling off at 75% [1], [2], which implies a need for novel
qualification methods. For most single-launch satellites, increased testing is the optimal
strategy to minimise failure [2]. Qualification of the CubeSat is required to maximise
mission success and is required by the launch provider to minimise the risk of damage
to the launch vehicle or other payloads. The MRG is planning to qualify this CubeSat
on a suborbital high-power rocket (HPR) in combination with traditional vibration and
shock tests on a single degree of freedom (SDOF) electrodynamic shaker table.

Vibration and shock testing are typical tests for CubeSats which are intended to
replicate the conditions of launch [1]. Despite their widespread use, SDOF vibration
and shock tests do not perfectly replicate the conditions at launch as[3], [6]:

1. The peak flight responses are not able to be achieved since a vibration table cannot
simulate steady-state thrust forces since they only can simulate dynamic forces [3].

2. A SDOF test can only excite one axis at a time which is not representative of the
launch environment [3], [6].

3. A vibration table tests a ”fixed-base” case which has different modes compared to
the case where the satellite is fixed to the launch vehicle [3].

A HPR has a higher total impulse than model rockets but a lower impulse than
sounding rockets, with a range of 36 N s up to 163 840 N s, and have a sub-orbital trajec-
tory unlike commercial launch vehicles [7]. Suborbital rockets have been used for testing
several CubeSats [8], [9], however this qualification method is not in widespread use in
the industry.

5.2 Problem identification

For institutions with limited budget, shock and random vibration tests using a SDOF
vibration table is the current state of the art (SOTA) method for qualification. HPRs are
a potential qualification method which can complement SDOF vibration tests, however
there is no prior studies comparing both HPRs and SDOF vibration tests against the
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qualification level set by the launch provider. If HPRs can produce a vibration envi-
ronment similar to the qualification level, HPRs may be a useful complement to SDOF
vibration tests and may be useful in increasing mission success rates.

Since HPRs have not been frequently used as a test platform, another issue is the
lack of tooling for making HPRs an effective test platform. This research will involve
design and evaluation of a combined test and data acquisition platform which:

1. Measures the vibration response of the rocket on the CubeSat required for evalu-
ating the HPR platform and

2. Provides the same power and communications services as the POEM to ensure the
payload-under-test has access to the same environment as on launch.

6 Literature Review

This literature review will cover the current testing methods used in CubeSats, the use of
suborbital rockets as a qualification method and cover the types of sensors and systems
required to record these tests.

6.1 Standard satellite qualification methods

Satellites undergo a panel of qualification tests to maximise the chance of mission success,
and may be required by the launch provider to demonstrate that there is minimal risk of
the satellite to the launch vehicle and other payloads which may be present. There are
multiple satellite qualification standards, an example is the NASA General Environmen-
tal Verification Specification (GEVS) which is a panel of tests including electromagnetic
compatibility (EMC), thermal, acoustic and vibration tests that are required for all
NASA Goddard Space Flight Center projects [10]. Other standards include ISO-15864,
JERG-2-002, NASA-STD-7002A, ECSS-E-ST-10-03C and SMC-S-01 [11]. While these
standards have flight heritage, being used on many successful payloads, they were de-
signed for medium or large satellites, and therefore fully complying with these standards
are out of the budget of most university CubeSat programs [11]. While is no widely used
test standard for CubeSats currently in use, since most CubeSat projects perform the
minimum panel of tests required by the launch provider to minimise cost, there is a de
facto minimum series of tests which are random vibration, shock and thermal vacuum
testing [1].

6.2 Vibration

Vibrations are experienced by satellites during transportation and loading, and most
prominently during launch [12]. The purpose of vibration testing is to ensure that the
satellite will survive transportation and launch conditions, and to find workmanship
errors [3], [12].
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6.2.1 Welch’s method and power spectral density (PSD)

6.2.2 Random vibration / sine sweep vibration test

In the random vibration test, a uniform vibration spectrum is applied to the satellite
which tests all the resonant frequencies of the satellite [13]. This range includes fre-
quencies on the magnitude of 100 Hz, since higher frequencies couple to the satellite
through acoustic means rather than through the structure [3]. A sine sweep vibration
test is similar, but instead of the frequency being randomly sampled it is swept through
sequentially from either low to high frequency or vice versa. An example of a random
vibration test is shown in figure 1, where frequencies up to 100 Hz were evaluated, and
higher frequencies above 100 Hz were attenuated proportional to frequency.

Figure 1: Random vibration test [13]

The limitations of random vibration tests is that the shaker and table will have differ-
ent modes than the launch vehicle and payload mount, resulting in the test response not
perfectly matching the flight response [3], [14]. Gordon and Kern argue that this differ-
ence is not a factor in practice since shaker tests are ”not intended to be a strength test”
[3, p. 7] and that components ”should have been strength qualified prior to integration”
[3, p. 7]. Component level is argued as a best practice in the CubeSat community [15],
however some argue that component level testing is not suited to the short timeline of
university CubeSat projects and that more effort should be put into integration testing
[16]. If a testing program focuses on integration testing, then this mismatch between
shaker table and flight response could result in the CubeSat not being properly qualified.

Finally, although 6 degrees of freedom (DOF) vibration tables exist which can repli-
cate the vibrations experienced in all dimensions during launch, most satellites are still
tested with single-axis or random input shakers which only provide one dimension [3],
[6], [14]. While Gordon and Kern [3] state that these limitations are adequately managed
by testing in all three orthogonal axes separately, Aglietti and Nath [6] created a model
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of three, two and single axis vibration tests and found that to match the 3 DOF response
with a single DOF table, the satellite needed to be subjected to 2.5 times the grms forces
than in 3 DOF testing, leading to the satellite being over designed [6].

6.2.3 Quasi-static acceleration test (QAT)

A quasi-static test replicates the liftoff stage of flight, where there is a combination of
random vibration from engines and quasi-static axial acceleration from the engine and
other external forces on the launch vehicle [12], [13], which are approximated as constant
forces at selected frequencies as shown in figure 2. The QAT is usually compared to
results from coupled loads analysis, where all forces are assumed to be applied to the
satellite through the launch vehicle as shown in figure 3 [17].

Figure 2: Quasi-static acceleration test. The input profile high acceleration from 20 Hz
to 21 Hz, resulting in the response having a force of 10.8 g acceleration around this
frequency [13]
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Figure 3: Coupled loads model [17]

The first limitation of a quasi-static acceleration test is that the shaker table cannot
apply the peak response evenly on the CubeSat that is predicted by coupled loads
analysis (CLA) [3]. Again, Gordon and Kern state that these limitations are addressed by
component-level strength qualification. They also state that applying the peak response
evenly is not necessary, since if an item does not fail, the correctly applying the response
evenly does not greatly increase its likelihood of failing [3]. The second limitation is
there is a difference in modes, since a quasi-static acceleration test also contains random
vibrations [3].

6.3 Vibroacoustic testing

As stated, low frequency vibrations from 0 Hz to 100 Hz tend to couple well through
the payload mount, however high frequency vibrations above 100 Hz are more efficiently
imparted on the satellite acoustically [3]. These acoustic loads have an effect on payload
electronics [18], and primarily originate from the highly turbulent engine exhaust [18].

Vibroacoustic testing is not necessary for CubeSats due to their small surface area
[10], since the magnitude of the acoustic response is proportional to the satellite’s surface
area to mass ratio [12], therefore the effect of the acoustic loads is negligible. Instead,
vibroacoustic testing is more relevant for large and light payloads such as solar panel
arrays [12], therefore it will not be part of this research.

6.4 Shock

Shock is experienced by satellites when pyrotechnics are detonated or deflagrated during
events such as staging and ignition, the response appears as a range of decaying sinu-
soids in the 100 Hz to 10 kHz frequency range [12], which decay in 5 ms to 15 ms [12].
The spectrum extends up to 40 kHz, however for analysis frequencies above 10 kHz are
assumed to be non-damaging [19], [20]. Pyroshock may cause peak accelerations of up
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to 10000 g [20]. High explosives are primarily used for explosive elements on rockets in
combination with some low explosives for initiators [19].

Shock is tested using a shock-generating device which is applied to the satellite
along all three axes [10], [20], the shock generating device for a CubeSat can be an
electrodynamic shaker table [13] with a half-sine, pulse profile [13]. The shock test has
similar limitations as the random vibration test, since it also uses a vibration table to
affect the satellite.

Shock tests are compared using the shock response spectrum (SRS), which plots the
maximum acceleration per frequency bin. The SRS contains an octave slope which rises
to the first resonant frequency called the ”knee frequency”. The octave slope can be
approximately 9 dB/octave to 12 dB/octave depending on distance to the source.

Figure 4: Shock response spectrum of and time-domain shock response. Left: near-field
(close to shock source). Right: far-field (distant from shock source) [20]

6.5 Rocket testing of CubeSats

6.5.1 Sounding rockets

Sounding rockets are a class of suborbital rocket used between 40 km and 200 km, above
where weather balloons operate [21]. While sounding rockets have been used to launch
many CubeSats as the primary launch vehicle for suborbital CubeSat missions, such as
in the REXUS-25 mission [22], there has been only one published instance of sound-
ing rockets being used as an additional qualification platform for a CubeSat [4]. The
FloripaSat-I CubeSat was tested on a VSB-30 sounding rocket [4] to qualify the CubeSat
under launch conditions. This qualification method was intended not to replace, but to
complement standard vibration and shock qualification methods [4]. The test measured
these launch conditions through the MPU6050 6 DOF inertial measurement unit (IMU)
[4].
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Figure 5: Acceleration in time domain (Left), Angular velocity in time domain (Right)
during the launch of FloripaSat-I [8]

While this study does show the time-domain accelerometer and gyroscope measure-
ments from the sounding rocket launch in figure 5, it does not compare the data to
other qualification tests in the FloripaSat-I campaign, such as traditional vibration and
shock testing. Additionally, the launch data was not presented in the frequency domain
through the boost and coast phases of the flight, meaning they could not be compared
to the acceleration spectra which was shown for the shaker table testing in figure 6.5.1.

Figure 6: Random vibration (Left) and sine sweep (Right) tests on a shaker table during
the qualification of FloripaSat-I [8]

Another shortcoming of the study is that a shock test using a half-sine pulse was
not performed. The use of a sounding rocket is a potential method of qualifying the
CubeSat’s ability to tolerate shocks since there will be shock events when pyrotechnics
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are lit to stage the rocket, although the forces will have intensity than on a larger launch
vehicle.

6.5.2 High-power rockets (HPR)

While sounding rockets have a significantly lower cost compared to an orbital-class launch
vehicle, they cost $1 million USD per launch to launch 200 kg on average [23], resulting
in a specific cost of $5000 USD/kg, which is still a large amount for university CubeSat
programs. High-power rockets (HPR) are a lower-performance but cheaper alternative
to sounding rockets, which can leverage the design expertise of university rocketry teams
while having similar qualification potential as sounding rockets. A single stage level 3
certification rocket can reach altitudes above 10 000 ft [24] for a cost of only $1200 USD
[24]. Despite the potential cost benefits, there have not been any published instances of
a HPR being used to qualify a CubeSat.

The typical phases of a HPR launch are

� Boost phase: The HPR is being powered by a solid rocket motor. In most HPR
launches, this phase only lasts several seconds at maximum.

� Coast phase: After the rocket motor burns out and produces no thrust the rocket
coasts up on a ballistic trajectory to the maximum altitude (the apogee).

� Apogee: This is the maximum altitude the rocket will reach. At this point the
drogue parachute is deployed, which limits the rocket’s descent velocity to a rea-
sonable rate

� Main parachute deployment: At a fixed altitude above ground level the main
parachute is deployed. This parachute has a higher surface area than the drogue
chute and slows the rocket down to a safe landing velocity. A main parachute
should not be deployed at apogee since this would result in the rocket drifting
further which complicates recovery efforts.

� Landing: The rocket lands on the ground and is recovered by the rocketry team for
safing (disarming of live energetics) and transportation. While the landing occurs
minutes after launch, finding the rocket is a harder task and may occur hours after
landing.
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Launch

0 to 1.6 seconds

1000 N thrust

K1100T motor

Pyro 1
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20 seconds

Upwards
Coast

1.6 to 11
seconds

Landing

approx. 1 minute

Figure 7: Typical launch of a single stage high-powered rocket

One potential issue with HPRs as a qualification platform for shock is that low
explosive black powder is used [24] which has different explosive characteristics, such as
a subsonic flame front, compared to the high-explosives used in launch vehicles [19] and
will therefore produce different shock responses. One study [25] performed finite element
analysis of igniters filled with low explosives including aluminium potassium perchlorate
and boron potassium nitrate and determined the SRS, shown in figure 8. Compared to
the SRS of high-explosives in figure 4, where at a frequency of 1 kHz the acceleration is
over 102 g [20], in these low explosive simulations the acceleration at 1 kHz is only 101
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g [25]. Therefore, it is hypothesised that HPRs will not be useful for shock qualification
since the response of low explosives is different from the high explosives used on launch
vehicles.

Figure 8: Shock response spectrum from computer modelling of an igniter based on the
low explosive aluminium potassium perchlorate [25]

7 Project overview

8 Design constraints

The small payload size and recovery sequence of the HPR presents unique constraints
for this data acquisition system, which prevented the use of commercial off the shelf
(COTS) DAQs and sensors.
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Constraint Definition Reason required

Battery life The amount of time
(hours) that the DAQ will
be active for

DAQ has to be active
through the pre-launch
time, launch and for long
enough after launch to
facilitate tracking of the
rocket for recovery.

Sampling rate The number of samples
the DAQ takes per second
of the accelerometer data

Analysis of random vi-
bration and shock data
involves constructing a
power spectral density
plot of the accelerometer
data, which requires the
DAQ to sample at a
frequency greater than
twice the plot frequency
range.

Accelerometer range Accelerometers have a
maximum acceleration
that can be measured
before it saturates at the
maximum magnitude.
An accelerometer with a
high acceleration range is
required for high-g events
such as pyroshock.

Storage size The number of bytes avail-
able on the DAQ for ac-
celerometer data to be
stored.

Radio link range Line-of-sight (LOS) dis-
tance in meters that the
DAQ must be able to relay
data to the ground station

Drone tests require live
image data for positioning
purposes.

Power supply The amount of voltage
and current the DAQ must
supply to internal systems
and to the camera pay-
load.

The camera payload is
built assuming power is
provided by the POEM

Form factor Dimensions of the data ac-
quisition system

It must fit inside the
CubeSat

Test Price The amount of money re-
quired to construct the
DAQ

$1500 has been allocated
to this part of the project.

Temperature tolerance The maximum and min-
imum temperature the
DAQ can operate at

The DAQ will be tested in
the same conditions as the
camera payload during its
temperature tests.

Table 1: Design constraints for the DAQ System
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9 Design group

The CubeSat design group was made of Peter Tanner, Jamir Khan and Timothy Lu-
dovico. As shown in figure 9, each person is working on a unique part of the CubeSat
and requires specific information to be communicated.

Figure 9: Responsibilities of members on the CubeSat design project and the information
required to be communicated between each member.

10 Design tools

10.1 Altium Designer 24

Altium Designer is an electronics design automation (EDA) tool which is widely used in
industry and has been used for design of CubeSat and space hardware [26]. The author
chose to use Altium Designer over other EDA tools since they were familiar with this
tool having used it in previous projects, which minimises development time.

The design flow in Altium designer is as follows:

10.1.1 Schematic editor

A circuit is first implemented using schematic symbol representations of components in
the schematic editor. In the schematic view the connections between the components
are abstracted using net labels and wires. The schematic view does not necessarily
represent the physical layout of the PCB but is intended to convey the connections
between components in a format that can easily be read.
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Figure 10: Example of the hierarchical schematic sheet format for the main DAQ PCB.

A root schematic contains references to other schematics which are abstracted as
sheet symbols with ports. Each sheet symbol represents a particular subsystem of the
DAQ. The hierarchical sheet symbol representation has several benefits, including that
it facilitates reuse of designs and allows larger systems to be decomposed into multiple
schematics which are easier to modify and read. This is shown in figure 10.

10.1.2 PCB editor

Each schematic symbol is a component which links the symbol to a footprint. The
footprint is the physical representation of the component and contains information such
as

� The land pattern, which is the layout of pads or holes required for mounting the
component on the PCB,

� The component’s 3d model

The PCB editor contains automated design rule check (DRC) tools which is used in
the design process to reduce the likelihood of a faulty PCB. The DRC uses rules set in the
project and if a rule is violated, it is reported. This feature is used for example to ensure
that microwave-frequency tracks have the correct geometry for impedance matching.

10.1.3 Output jobs

Once a PCB is ready to be manufactured, an automated ”outjob” ensures that the re-
quired design files are automatically generated with the right settings for manufacturing.
The files generated include:

� Bill of materials

� Gerber files

� Drill location files
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� Pick-and-place component locations

The outjob feature prevents errors such as misconfiguration of output files.

10.2 circuit.js

Circuit.js is a simple browser-based analog circuit simulator [27]. Circuits in this sim-
ulator can be edited and interacted with in real-time, whereas in traditional SPICE
simulators the circuit cannot be edited once the simulation starts. Circuit.js uses a
numerical method which is prone to error however, therefore this simulator was used
for rapid, real-time prototyping of designs. After these designs were finalised they were
simulated in traditional SPICE-based simulators.

10.3 LTspice

The simulation of components is done using LTspice, a freeware circuit simulator which
uses the SPICE method

LTspice was used to the DC-DC boost converter for this project, which was required
to power the internal DAQ systems and the payload. A simulation was performed to
characterise the ripple voltage and to validate its performance over a range of input
voltages. LTspice has been used for simulation of boost converters in the past and is
free which makes it a suitable circuit simulator for this project [28].

Ultimately LTspice was chosen over other freeware SPICE simulators such as PSpice
since LTspice contains an ”alternate” solver which has less error at the trade-off of
simulation time [29]. The reduced error results in the solver converging on a solution,
whereas in PSpice or in LTspice normal solver mode it was not able to converge on a
solution and the simulation could not be completed.

10.4 SolidWorks 2023

SolidWorks is a mechanical CAD software which is used for creating 3d models of the
electronics hardware by using the Altium Designer plugin. These 3d models are required
for Jamir to complete the mechanical design of the CubeSat and to verify good mounting
of the electronic hardware.

11 Design process

12 Design evaluation framework

The design evaluation framework will consist of three major types of tests:

� Environmental tests.

Hot and cold temperature testing.

Shaker table.
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� Vehicle tests.

Drone.

Rocket.

� Experimental evaluation.

Evaluation of accelerometers.

12.1 Environmental testing

If this research continues, the DAQ will need to fly with the CubeSat on the PSLV to
obtain vibration data that can be directly compared to the rocket and shaker table tests.
Therefore, the DAQ will have to go through the same environmental testing campaign
as the camera payload. The objective of these tests is to evaluate the resilience of the
DAQ in the environment of space and during launch.

12.1.1 High-temperature test

IIST recommends a qualification test where the CubeSat placed in a thermal vacuum
chamber for 2.5 h and is heated to 70 °C. The CubeSat electronics are turned on and
tested during the final 30 min of the test.

Due to time restrictions it was only possible to do a preliminary high-temperature
test with a consumer oven on only the electronics section of the payload (the combined
camera and DAQ assembly).

Figure 11: High-temperature testing setup

The DAQ was evaluated based on how much time the connection between the DAQ
and ground station is lost.

12.1.2 Low-temperature test

IIST recommends a qualification test where the CubeSat is placed into a thermal vacuum
chamber for 2.5 h and is cooled to −20 °C. The CubeSat electronics are turned on and
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tested during the final 30 min of the test.
Due to time restrictions it was only possible to do a preliminary low-temperature test

with a consumer freezer. To prevent condensation from developing on the electronics
during the test, which would not occur in the thermal vacuum chamber, the electronics
were placed in an airtight bag prior to the test and pressurised with pure nitrogen gas
for 5 min to displace air containing moisture.

Figure 12: Low-temperature testing setup

The DAQ was evaluated based on how much time the connection between the DAQ
and ground station is lost.

12.1.3 Shaker table test

IIST recommends that the CubeSat be mechanically qualified using a single-axis elec-
trodynamic shaker table using random vibration, sine-sweep and half-sine shock tests.

Random vibration The IIST recommended qualification level for the random vibra-
tion test is specified in table 2.
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Frequency (Hz) PSD (g2 Hz−1) g (RMS) Duration (s axis−1) Axis

20 0.002

13.5 60 Three axes
60 0.002
250 0.138
1000 0.138
2000 0.034

Table 2: IIST recommended random vibration test profile for qualification of CubeSat
for launch on POEM.

Sine-sweep The IIST recommended qualification level for the sine-sweep test is spec-
ified in table 3.

Longitudinal Lateral
Sweep Rate Axis

Frequency Level Frequency Level

10 Hz to 16 Hz 20 mm DA 10 Hz to 16 Hz 12 mm DA 4 oct min−1 Three axes

16 Hz to 100 Hz 10 g 16 Hz to 100 Hz 6 g 4 oct min−1 Three axes

Table 3: Vibration Data: Longitudinal and Lateral Details with Sweep Rate and Axis
Merged

Shock The IIST recommended qualification level for the shock test is specified in table
4.

Amplitude Duration (ms) Shock profile Axis

50 g 10 Half sine Single-axis shocks, for all three axes

Table 4: IIST recommended shock test profile for qualification of CubeSat for launch on
POEM.

12.1.4 Drone test flights

12.1.5 High-powered rocket test flight

12.2 Evaluation of accelerometers

Typical parameters for the evaluation of accelerometers include

13 First revision of test and POEM emulation electronics

The POEM provides services such as tracking, telemetry and command (TT&C), electri-
cal power system (EPS) and on-board data handling (OBDH) to the CubeSat, therefore
these systems are not integrated into the CubeSat under test and must be provided by
a separate system on the HPR which emulates the POEM services. The POEM em-
ulator consists of three PCBs: A combined EPS and OBDH board, a tracking board
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and a telemetry and command board. This emulation and qualification platform will be
referred to as DAQ v1.

13.1 On-board data handling (OBDH)

Two OBDHs are arranged in a dual redundant configuration and are linked to each
other via controller area network (CAN) bus. When the hot spare detects that the
primary OBDH is outputting bad data or is not responding, the secondary OBDH will
take over control of the communications link. This redundancy ensures the likelihood of
not obtaining experiment data for this research is minimised. In the best case, this will
provide two independent data sources for research. Both OBDHs will still store data to
their respective eMMC modules for post-flight analysis.

13.2 Accelerometers

MEMS accelerometers, which will provide the data for this analysis, are located on inde-
pendent modules and on the OBDH computer. The low-cost LSM6DSO accelerometer
will be used due to its low cost and acceleration range of 16-g and bandwidth of up
to 6664 Hz [30], which will be used to cover the quasi-static acceleration and random
vibration cases. As shown in figures 1 and 2, the g-levels and bandwidth are relatively
low and are met by the LSM6DSO.

The independent accelerometer modules will contain a microcontroller, regulator and
accelerometer in a small package which can be mounted at various points on the CubeSat,
to measure how evenly the response is applied to the CubeSat. The microcontroller will
compress the accelerometer data and send it to the OBDH over CAN bus. The OBDH
will generate a clock synchronisation signal to ensure the accelerometer measurements
are synchronised. The modules will be attached to the CubeSat using adhesives due to
its acceptable performance at the frequencies being measured, and ease of use compared
to screws.

Measuring the shock response is significantly more difficult due to the high acceler-
ation levels and the large bandwidth [20], which are not well-suited for low-cost MEMS
accelerometers. Instead of measuring the full spectrum, the slope will be measured and
compared using the low-cost ADXL373 accelerometer which can measure up to 400-g at
2.56 kHz, which is enough to characterise the slope, which is the only parameter required
to show that a rocket is inadequate for qualifying shock.

13.3 Electrical power system (EPS)

A 2S lithium-ion battery pack and two 5V boost converters will be used to power CubeSat
and the emulator. Two independent EPS will be connected in an OR-ing configuration
so that if one fails, the other will provide power. The CubeSat and emulator will have
separate boost converters, and the power to the CubeSat is capable of delivering the
full 5V @ 3A which is the specified amount of power available to the CubeSat on the
POEM.
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13.4 Telemetry and command

An RFD900x radio will be used to downlink the data from the CubeSat and the en-
gineering sensors. This link is optimised for relatively high speed and to have the full
300 kbps capacity that the POEM can provide to the CubeSat. The experiment data
required for this research will be downlinked as part of the engineering data, to ensure
that data is available to continue research in case the rocket crashes and the onboard
memory is destroyed.

The tracking and command system will be on a separate low-bandwidth LoRa radio
which is optimised for high link budget and reliability.

13.5 GNSS Tracking

The GNSS tracking board contains a standard precision NEO-M9N GNSS receiver and
the ZED-F9P differential GNSS (DGNSS) receiver. A NEO-M9N was selected against
other standard GNSS receivers due to its high maximum position, velocity and time
(PVT) update rate of 25 Hz. The main purpose of the NEO-M9N is to serve as a simple
backup GNSS receiver for reliable tracking purposes, since it does not require an RTK
data stream.

The ZED-F9P differential receiver has centimetre-level accuracy and will enable the
heading of the rocket to be accurately determined, which is required for this research
since the heading may change throughout the flight and this will need to be accounted
for when analysing the data since there are 6 DOF, instead of just one in traditional
shaker table tests.

13.6 Drone testing

Prior to flight on a HPR the DAQ v1 was tested on a drone. TODO:

�

13.7 Results

One of the objectives of this research is to design a platform for qualification of CubeSats.
The first revision of the qualification platform was not used in the final design due to
several issues:

� The STM32L476 did not have enough resources to move data from the sensors
and camera payload to the payload at an adequate speed. A benchmark using
CrystalDiskMark, in figure 6 shows that the maximum throughput is 0.84 MB s−1,
and while only 60% of the throughput is being used as shown in 13.7, between
reading from the data sources and writing to the storage there is not enough
resources in practice to do this at an adequate speed, resulting in the maximum
sampling rate of the sensors to be limited.
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� Due to space limitations on the rocket, it was not possible to have two redundant
systems. The next revision would use only one DAQ.

� By the end of this section, it was understood that centimetre level positioning was
not required to obtain good results from the camera system.

� At the end of this revision it was concluded that the STM32 platform was not
flexible enough to complete the research objectives in time.

Data source Data rate Notes

LSM6DSOX 0.41 MB s−1 16 byte structs are generated at 6664 Hz for both ac-
celeration and gyroscope data for two sensors.

ADXL375 0.038 MB s−1 20 byte structs generated at 1 kHz for two sensors.
Camera 0.054 MB s−1 460 800 bd
TOTAL 0.502 MB s−1 60% of maximum sequential write bandwidth.

Table 5: Data sources and their data rates.

Test Read [MB/s] Write [MB/s]

SEQ1M Q1T1 (1 task, 1 thread) 0.84 0.84
RND4K Q1T1 (1 task, 1 thread) 0.75 0.66

Table 6: CrystalDiskMark benchmark of DAQ v1.

14 Second revision of test and POEM emulation electron-
ics

The second revision of the test and POEM emulation electronics (referred to as DAQ
v2) contains several improvements and simplifications over DAQ v1.

14.1 On-board data handling (OBDH)

A Raspberry Pi Zero W is used for the OBDH system instead of an eMMC module and
STM32L476 since:

� It reduces the cost of the PCB as the assembly of BGA packages such as eMMC
adds significant cost per board,

� The Pi Zero W runs an operating system and can be controlled remotely from a
PC unlike the STM32, which simplifies development and debugging,

� The write speed of the Pi is larger than the STM32 and eMMC combination.

While a Raspberry Pi Zero 2W would be preferable due to its multicore design, due
to supply chain issues it was only possible to use a Raspberry Pi Zero W.

DAQ v2 does not have two redundant OBDH due to a lack of room.
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14.2 Accelerometers

14.3 Electrical power system (EPS)

DAQ v2 uses a similar EPS design to DAQ v1,

14.4 Telemetry and command

14.5 GNSS Tracking

15 High-Powered Rocket

A custom rocket named UNO was designed and built by another project member from
scratch, it has a height of 290 cm, diameter of 16.3 cm and a dry mass of 14.42 kg without
a motor. It was designed to fly with an M impulse class motor, however due to changes
in United States export regulations it was not possible to obtain this motor in the time
of this research, and therefore it was only possible to launch with a K impulse class
motor which has about 1/10th of the total impulse of the N motor as shown in table 15.

Total impulse [N s] Motor impulse class

160.01 - 320.00 H
320.01 - 640.00 I

640.01 - 1,280.00 J
1,280.01 - 2,560.00 K
2,560.01 - 5,120.00 L
5,120.01 - 10,240.00 M
10,240.01 - 20,560.00 N
20,560.01 - 40,960.00 O
40,960.01 - 81,920.00 P
81,920.01 - 163,840.00 Q

Table 7: Rocket motor impulse classes [31]

Figure 13: OpenRocket diagram of UNO.
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15.1 Simulation

The rocket was simulated using OpenRocket [32], [33], an open-source simulator which
can predict parameters such as stability and acceleration based on empirical methods
which use the rocket’s shape and basic environment parameters such as constant wind
[33], [34]. OpenRocket is used to ensure the rocket design is stable throughout launch and
flight, which is important to ensuring the CubeSat payload does not become damaged
by this qualification method. However, as it uses a simple empirical model of the flight,
it was not designed to model the effect of the motor and aerodynamic forces on the
vibration environment in the rocket. It also does not simulate pyroshock events, instead
modelling parachute deployment events as simple changes in the aerodynamics of the
rocket [33].

15.1.1 Flight profile

As shown in 15.1.1 the rocket reaches an apogee of 413 m at 9.74 s and the total flight
time is 30 s.

Figure 14: Flight profile of UNO using a K1100T motor. Simulated in OpenRocket.

15.1.2 Stability

As shown in figure 15.1.2, the stability is above 2.0 calibres for the coast and launch
phase, which is a rule of thumb to ensure the rocket is stable and will not veer off course
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[24]. The short moment of stability below 2.0 occurs when the rocket reaches apogee,
which is not an issue since the parachutes are immediately deployed at this point.

Figure 15: Stability of UNO using a K1100T motor. Simulated in OpenRocket.

15.1.3 Acceleration

As stated, since OpenRocket does not model the vibration environment in the rocket
and models the rocket as one solid body, only the acceleration of the whole rocket can
be modelled. Pyroshock events are not modelled by OpenRocket. The launch phase
lasts only 1.6 s and has a high average acceleration of 5.77 g, as shown in 15.1.3. During
the coast phase, the rocket is decelerated by gravity as expected and after parachute
deployment the rocket only has a small deceleration force.
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Figure 16: Acceleration of UNO using a K1100T motor over (top) the whole flight and
(bottom) the thrust phase. Simulated in OpenRocket.
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16 Vibration table testing

16.1 AVI vibration table test setup

17 Rocket test

18 Drone tests

18.1 First test

18.2 Second test

19 Data collection and analysis

The system will be used for the vibration tests on a shaker table, and the rocket test. The
data will be recorded as a time series on the OBDH memory. The time series data will be
transformed into the frequency domain since existing studies have presented frequency
domain plots to present and analyse the response of the system to a test [13], [20]. For
the rocket test, the analysis will be split over the several phases of flight - launch, thrust,
coast and parachute deployment events, since the forces involved are different in all of
these phases.

19.1 Shock

19.1.1 Vibration table results

19.1.2 HPR results

19.1.3 Comparison of methods

In the launch and parachute deployments, where pyrotechnics are ignited, an analysis
of the shock response spectrum will be performed. This will involve creating the shock
response spectrum for the rocket test and shaker table tests, then comparing the slope
up to 1 kHz. If the rocket test SRS slope is on the same order of magnitude as the
gradient found in [25] for other low explosives, and it is less than the slope of the SRS
from the shaker table tests, then this will show that rocket testing is not an adequate
qualification method for shock.

19.2 Random

19.2.1 Vibration table results

19.2.2 HPR results

19.2.3 Comparison of methods

The coast phase, where the rocket motor has burnt out but is still approaching apogee,
will be compared to the random vibration test. The random response spectrum will
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be compared to the spectrum of the rocket test to check how uniformly distributed the
rocket test is.

19.3 Quasi-static acceleration

19.3.1 Vibration table results

19.3.2 HPR results

19.3.3 Comparison of methods

The boost phase will be compared to the quasi-static acceleration tests on the shaker
table. It is expected that the acceleration force on the HPR will be greater than those
experienced on the launch vehicle, however the key characteristic - a peak in acceleration
over a narrow frequency band - should be the same.

20 Conclusion

20.1 Future work

Hardware changes for a future revision of the data acquisition system include:

� Use Raspberry Pi Zero 2W instead of Zero W since it has more cores.
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