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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-powered rockets (HPR) is a novel qualification method that can po-
tentially 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-powered 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 CubeSat with a camera system to obtain plant information. 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 cube 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]. For most single-launch satellites, increased
testing is the optimal strategy to minimise failure [2].

Common CubeSat qualification tests include vibration, shock and thermal vacuum
testing [1] which are intended to replicate the conditions of launch and space. Vibration
and shock tests are an industry standard procedure, however they do not perfectly
replicate the conditions at launch [3]. Testing of CubeSats on suborbital high-powered
rockets (HPR) is a novel qualification method that can potentially replicate launch
conditions more accurately than established shaker table tests, and therefore better
detect issues and improve the likelihood of mission success. This qualification method
has only been used on the FloripaSat-I CubeSat on a higher performance suborbital
sounding rocket, to complement common qualification tests. MRG will be using standard
qualification tests and HPR testing as part of the qualification phase.

5.2 Problem identification

Current shock and vibration tests do not perfectly replicate conditions at launch [3], [5],
which could be one of the factors for high CubeSat mission failure rates. A potential
improvement is the use of a high-powered rocket to more accurately emulate launch,
which can therefore decrease mission failure rates. However, there are no comparisons
between existing shaker table methods and high-powered rocket qualification to properly
evaluate whether it will be an improvement over the standard tests.

5.3 Intended contribution

This research will achieve two goals. Firstly, it will develop a platform for testing Cube-
Sats on HPRs to identify practical design considerations and issues when developing for
HPRs. Secondly, the platform will be also used to measure acceleration data on various
parts of the CubeSat during standard testing and during the HPR flight, which will be
used to evaluate the effectiveness of the HPR qualification method compared to standard
shaker table tests.

6



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 [6]. Other standards include ISO-15864,
JERG-2-002, NASA-STD-7002A, ECSS-E-ST-10-03C and SMC-S-01 [7]. 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 [7]. 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 [8]. The purpose of vibration testing is to ensure that the
satellite will survive transportation and launch conditions, and to find workmanship
errors [3], [8].

6.2.1 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 [9]. This range includes frequen-
cies 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 se-
quentially 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.
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Figure 1: Random vibration test [9]

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], [10]. 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 [11],
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
[12]. 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],
[5], [10]. While Gordon and Kern [3] state that these limitations are adequately managed
by testing in all three orthogonal axes separately, Aglietti and Nath [5] created a model
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 [5].

6.2.2 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 [8], [9], 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 [13].
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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 [9]

Figure 3: Coupled loads model [13]

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
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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 [14], and primarily originate from the highly turbulent engine exhaust [14].

Vibroacoustic testing is not necessary for CubeSats due to their small surface area
[6], since the magnitude of the acoustic response is proportional to the satellite’s surface
area to mass ratio [8], 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 [8], therefore it will not be part of this research.

6.4 Shock

Shock is experienced by satellites when pyrotechnics are detonated or deflagrated dur-
ing events such as staging and ignition, the response appears as a range of decaying
sinusoids in the 100 Hz to 10 kHz frequency range [8], which decay in 5 ms to 15 ms [8].
The spectrum extends up to 40 kHz, however for analysis frequencies above 10 kHz are
assumed to be non-damaging [15], [16]. Pyroshock may cause peak accelerations of up
to 10000 g [16]. High explosives are primarily used for explosive elements on rockets in
combination with some low explosives for initiators [15].

Shock is tested using a shock-generating device which is applied to the satellite
along all three axes [6], [16], the shock generating device for a CubeSat can be an
electrodynamic shaker table [9] with a half-sine, pulse profile [9]. 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.
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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) [16]

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 [17]. 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 [18], 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 [19]

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 [19]

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-powered 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 [20], resulting
in a specific cost of $5000 USD/kg, which is still a large amount for university CubeSat
programs. High-powered 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 [21] for a cost of only $1200 USD
[21]. Despite the potential cost benefits, there have not been any published instances of
a HPR being used to qualify a CubeSat.

One potential issue with HPRs as a qualification platform for shock is that low
explosive black powder is used [21] which has different explosive characteristics, such as
a subsonic flame front, compared to the high-explosives used in launch vehicles [15] and
will therefore produce different shock responses. One study [22] 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 7. Compared to
the SRS of high-explosives in figure 4, where at a frequency of 1 kHz the acceleration is
over 102 g [16], in these low explosive simulations the acceleration at 1 kHz is only 101

g [22]. 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.
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Figure 7: Shock response spectrum from computer modelling of an igniter based on the
low explosive aluminium potassium perchlorate [22]

; ; ; ;

7 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 emulator
consists of three PCBs: A combined EPS and OBDH board, a tracking board and a
telemetry and command board.

7.1 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.
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7.2 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 [23], 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 [16], 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.

7.3 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.

7.4 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.
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7.5 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.

8 Second revision of test and POEM emulation electronics

8.1 On-board data handling (OBDH)

8.2 Accelerometers

8.3 Electrical power system (EPS)

8.4 Telemetry and command

8.5 GNSS Tracking

9 Vibration table testing

9.1 UWA vibration table test setup

9.2 AVI vibration table test setup

10 Rocket tests

10.1 First test with H motor

10.2 Second test with K motor

11 Drone tests

11.1 First test

11.2 Second test

12 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
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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 [9], [16]. 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.

12.1 Shock

12.1.1 Vibration table results

12.1.2 HPR results

12.1.3 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 [22] 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.

12.2 Random

12.2.1 Vibration table results

12.2.2 HPR results

12.2.3 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
be compared to the spectrum of the rocket test to check how uniformly distributed the
rocket test is.

12.3 Quasi-static acceleration

12.3.1 Vibration table results

12.3.2 HPR results

12.3.3 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.
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13 Conclusion

13.1 Future work
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