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ABSTRACT 

The concept of using the vibration transmitted through the structure of space 

systems whilst they are in flight for monitoring purposes is proposed and 

analysed. 

The performed patent review seems to indicate that this technique is not currently 

used despite being, in principle, a good way to obtain valuable knowledge about 

the spacecraft’s condition. 

The potential sources of vibration were listed and some of them were down-

selected via a trade-off analysis for implementation in a numerical model of a 

CubeSat structure. Models were proposed for the sources chosen and 

implemented in the Ansys Workbench software, along with a simplified structure 

designed to be representative of a generic picosatellite mission. 

The results confirmed very different amplitude and frequency ranges for the 

sources of interest, which would make it difficult to monitor them with one type of 

sensor. 

Basic system requirements for accelerometer operating under space conditions 

were derived and commercial sources were identified as already having the 

technologies needed. 

The conclusion was a positive evaluation of the overall concept, although revising 

negatively the initial expectations for its performance due to the diversity 

encountered in the sources. 

 

Keywords:  

Condition monitoring, space environment, accelerometers, structural health 
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1 Introduction to acoustic monitoring of spacecraft 

The purpose of the following work is to propose and critically evaluate the concept 

of vibro-acoustic monitoring for in-flight space applications. 

The overarching question may be formulated as, “can the vibrations and acoustic 

emissions transmitted through a spacecraft structure be used to extract useful 

information about its state?” 

This technique would be, in principle, framed within so-called ‘Condition 

Monitoring’ (CM), which generally refers to the process of collecting information 

about a system so as to provide a diagnostic on whether or not it is performing 

as intended and identify the problems in its operation, but the question also 

extends to the use of these vibrations to extract information about the operation 

for increased redundancy. 

Vibration and acoustic monitoring are extensively used in both condition 

monitoring and Structural Health Monitoring (SHM), which may be considered a 

particular case of CM, but is usually regarded as separate because of its wide 

range of application. However this has not extended to the space sector, probably 

due to the difficulty to perform in-orbit servicing. Other possible parameters used 

in CM are operative temperatures, output voltages or chemical composition of 

products, but this work is not concerned with this diversity. 

Vibro-acoustic monitoring techniques may be first classified regarding the origin 

of the signal to be analysed: 

 Active acoustic monitoring systems use a network of transducers which 

generate a signal, usually in the ultrasonic range, through the parts to be 

monitored. The structure acts as a type of filter of this signal, which is 

picked up by another or the same network in order to compare the signal 

to a nominal response. 

 Passive systems also employ a transducer network, but it does not 

introduce any mechanical excitation in the structure, but pick up the natural 

vibrations transmitted through it as a result of its normal operation. 
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In the following work, the first type of system will be discarded as a valid option 

for spacecraft systems under the assumption that introducing “artificial” vibrations 

is not desired, as they may compromise the precision of high-accuracy pointing 

systems. This is not necessarily true for other payloads which do not have very 

precise jitter requirements, such as the International Space Station or other 

systems which are so large as to make any disturbances negligible. In any case, 

vibrations and acoustic emissions on-board are generally unwanted phenomena, 

but the aim of this purpose is, admitting that they will not be fully eliminated, use 

them to get information. 

The use of passive systems instead of active ones may also introduce the 

possibility for some measure of self-powering through energy harvesting [1], and 

potentially simplify the process of establishing relationships between the features 

present in the output and the operation of some mechanisms, such as reaction 

wheels, which are supposed to present a peak at their spinning frequency. 

Another possible classification of these systems is based on their data sources. 

Once the vibrations are acquired, converted to digital signals and treated in some 

way (for example transformed to the frequency domain through the use of the 

Fourier transform), they must be compared to a stored, “ideal” signal shape for 

analysis. The different approaches to the generation of this ideal signal are: 

 Data-based approach: The signal sampled at a given time is compared to 

what it was at a prior moment when the system was behaving normally. If 

the differences cannot be somehow accounted for, then the system may 

issue a warning or a diagnostic. An important weakness of this tactic is the 

problem of choosing to which point in time the signal is supposed to be 

compared, as the system may have already been damaged in the past, or 

the damage has progressed too far when it becomes detectable. 

 Model-based approach: Signals are compared to the output of a computer 

model of the structure. This technique is not usually put in practice without 

the backing of another due to the high difficulty of building a very precise 

model of a given system and account for all the effects that may play a 
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part in its behaviour. However, building a model is usually cheaper than 

manufacturing the system and testing it, and also more flexible, as it allows 

to introduce its output in the design considerations. 

 Hybrid approach: The structure is tested, and the results are fed into a 

dynamic model, which allows for a more precise understanding of what is 

happening to the structure. This is probably the most commonly used 

method as it combines actual experimental data with techniques for early 

warning through the extrapolation to points which are not directly tested. 

However, this is both resource and computing intensive. 

Due to the limitations of an individual research project, all that can be studied in 

this work is a pure model-based approach, but of course there will be no real 

structure to which compare the model. 

The flow of the present document mimics that of the procedure used to analyse 

this concept. First, in section 2, a brief patent search was performed to confirm 

that the concept is not in commercial use or under intellectual rights protections. 

Section 3 provides an overview of what the noise sources are expected to be in 

normal operation of a generic spacecraft, and section 4 carries on with a down-

selection of those sources for idealisation and implementation into a finite 

element analysis of a CubeSat class spacecraft, which serves as a theoretical 

test bench. Design considerations for that spacecraft and its implementation in 

the Ansys Workbench software are discussed in section 5. Section 6 presents 

the parameters of the simulations performed and their outcomes. These results 

are then taken into consideration in section 7, alongside with generic space 

engineering insight, to derive some of the first requirements that the whole 

monitoring system would need to satisfy. Finally, section 8 provides some 

conclusions on the general feasibility of the concept and section 9 suggests future 

work, in case the concept is expected to be developed further. 

Some comments on the methodology used during the literature review and full 

figures showing simulation results can be found in the appendices section. 
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2 Current state of related patents 

One of the objectives of this project is characterising the potential of the concept 

of vibro-acoustic monitoring for applications in spaceflight, which also includes 

identifying problems that may arise in the future regarding its commercial 

exploitation.  

The current corpus of patents was therefore identified as a both a potential source 

of information regarding related technological developments, and also a possible 

future exploitation problem, if the idea has already been implemented, flown and 

patented by another organisation.  

For the purposes of this work, there is no actual risk of a conflict involving the 

industrialisation of this type of monitoring, so there would be no point in 

performing a very thorough and time-consuming investigation on whether or not 

there is a valid patent over the relevant technology, and so this chapter is not to 

be considered as a definitive rejection of that possibility. If the output of this work 

results in a decision to invest further resources into researching this concept, 

however, a more thorough search for patents will need to be performed. 

Due to the nature of the worldwide patent system, there are various organisations 

awarding patents valid in different countries, and each one of them has its own 

database. There is no worldwide database with all the patents in existence, so a 

subset of these organisations was selected for a search including typical 

keywords related to the concept such as “vibration”, “monitoring”, “spacecraft”, 

“acoustics”, “structural health monitoring” or “condition monitoring”, to be 

searched in the full text of the documents. 

The most obvious potential patent holders would be companies or research 

institutions based on the eminent space-faring nations, mainly the United States, 

Canada, the members of the European Union or the European Economic Area, 

Russia, Japan and China, so it would make sense to start the search with 

databases associated to these. 
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Google Patents operates as a search engine, searching and translating patents 

contained within the databases of many organizations, so it was selected as a 

good starting point for this search. Other databases searched were those of the 

United States Patents and Trademarks Office, the World Intellectual Property 

Organization and the European Patent Office.  

Results older than 1997 are also to be ignored, due to 20 years being the usual 

threshold for patent expiration. Depending on the availability of a temporal filter 

option in each database, these hits were either removed or ignored. 

Within the limited scope of this search, most databases returned thousands of 

results. Not all of them were inspected, but those which were could be safely 

ignored based on their title or abstract. 

The conclusion of this investigation seems to confirm, to the extent of its validity, 

that there is no on-going work on techniques related to the proposed concept of 

vibro-acoustic monitoring in spaceflight, and also that the search strategy is likely 

sub-optimal and would need to be refined for a later, deeper enquiries. 
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3 Overview of sources of vibration and acoustic 

emissions 

In order to study the possibility of monitoring space systems through their 

acoustic emissions, the first thing to do was identifying the potential sources of 

AE or vibration in a spacecraft. Though a list of disturbances to the attitude of a 

spacecraft can be found in [2], the literature review did not produce any 

comprehensive list of potential systems which can typically produce this type of 

vibration as such, so the following list was compiled to serve as an overview of 

AE causes, which give rise to both extractable information and possible noise 

which the system would need to filter out.   

It is clear that not all of the following VAES (vibration or acoustic emission 

sources)  will necessarily be present or relevant in every spacecraft. As an 

example, the SOHO spacecraft, for which microvibrations were deemed a 

potential problem during operation, has only been studied under the influence of 

reaction wheels and instrument pointing mechanisms.[3] 

From a general viewpoint, VAE sources can be classified attending to whether or 

not they are present in the nominal operation of the spacecraft. As previously 

discussed, the system would ideally not vibrate at all, but they are almost 

inevitable in the realization of physical assemblies. That is to say, the vibration of 

a subsystem may be used to harvest information about its status even if it is in 

pristine condition. The other possibility is the VAE being a consequence of some 

unexpected occurrence, such as propagation of cracks or aerodynamic loading, 

that is to say, problems which may arise during the mission, but are not intrinsic 

to it. 

From now on, we will refer to the former as “operational” and to the latter as 

“environmental”, though the choice of words may not strictly apply to some of the 

possible noise causes. 
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3.1 Operational sources 

3.1.1 Active acoustic monitoring systems 

As described in the introduction, one of the possible classifications of condition 

monitoring systems and more precisely SHM relies on the technique being active 

or passive.[4] Active systems have their own acoustic emission induced by the 

transducers, which is in turn picked up and analysed to find the structure’s 

response. 

The requirements for such a system to be used in space applications would be 

not to interfere with the normal operation of the spacecraft, and being able to 

operate in a ‘clean’ frequency range, because it would otherwise interfere with. 

However, classical on-board SHM is not considered to be very useful in the 

almost stress free orbital environment [5], so operation of this technology would 

likely be restricted to ground verification tests. 

3.1.2 Propulsion systems 

In this section we are going to consider anything that generates thrust as a 

propulsion system, regardless whether or not it is used to alter the orbit. Typical 

examples of these are small thrusters used to change the attitude of spacecraft 

or to unload reaction wheels. 

As far as propulsion goes, there is a great variety of thrusters and motors, each 

one with their peculiarities. Usual systems can be classified as monopropellant, 

bi-propellant, electric, and hybrid, and each one will have its own vibration 

signature on the structure. Solid rockets are not usually used in upper stages or 

as apogee thrusters due to their inferior performance and inability to be stopped 

or throttled.  

Bi-propellant systems, which are probably the most important type, due to their 

superior performance compared to solid rockets and high thrust compared to the 

other types mentioned, are prime examples of AE in different frequency bands.  
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Table 1 shows typical ranges of frequency for different types of instabilities during 

operation: 

Table 1 Different modes of vibration in liquid rocket engines 

Instability typology Approximate 

frequency range 

(Hz) 

Causes 

Low frequency 

(Chugging) 

10-500 Pressure wave interactions 

between propellant feed 

system and combustion 

chamber 

Intermediate frequency 

(buzzing or entropy 

waves) 

500-1000 Mechanical vibration of 

propulsion structure, injector 

manifold, flow eddies, 

mixture ratio, propellant 

feed line resonance 

High frequency 

(screaming, screeching) 

>1000 Coupling between 

combustion process and 

chamber acoustic 

resonance modes 

Table taken and adapted from [6]. 

The high frequency disturbances are regarded as the most difficult and 

dangerous among those affecting LR engines, so their investigation is essential 

for the design of combustion engines [7][8]. Frequency of the strongest emissions 

is up to the order of 5-15 kHz, and these have the peculiarity of being very 

powerful, so any other signal in the same range is likely to be drowned. 

The origin of VAE in mono-propellant propulsion is flow turbulence generated 

during its ejection, for comments on this, refer to section 3.1.5 for a brief overview 

of how turbulence causes structure-borne vibrations. Another source would be 
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the valve which throttles the thrust, but the interest of the valve itself for 

monitoring purposes may be limited. 

As for electric propulsion (EP), AE would depend on the specific system used. 

Electrothermal concepts may be subject to similar types of disturbances as cold 

gas thrusters, as there is no combustion, but there is a continuous flow of 

propellant, but the literature review has not provided a study of vibrations or thrust 

oscillations in any kind of EP system.  

Even though references for disturbances have not been found either for 

electromagnetic or electrothermal systems, such jitter could be caused by the 

mentioned flow turbulence, transient effects during ignition, or fluctuations in the 

power supplied needed to maintain an electromagnetic field. The recent 

introduction of very low thrust systems has made it necessary to produce custom 

stands to measure impulses in the micronewton range [9]. Manufacturing and 

operation of these special stands must take into account dynamic effects on it, 

so the data about vibrations in EP systems is very likely to already exist, though 

it may not have been widely analysed. 

3.1.3 Rotatory machinery 

The prime example of this category are reaction or momentum wheels used to 

control the attitude of spacecraft. Small imbalances in the mass distribution about 

the axis naturally result in a vibration transmitted to the structure, but noise can 

be generated by defects on the bearings during operation.  

These so called microvibrations are regarded as one of the most important, 

because for instruments which require high pointing accuracy in spacecraft, the 

attitude needs to be controlled precisely, so these wheels function during a 

significant portion of the mission.  They have been the subject of several 

investigations related to the Hubble and James Webb Space Telescopes.[2] 

In this category we may also include all sorts of rotatory mechanisms, such as 

valves, pointing devices or Solar Array Drive Mechanisms, which may not be 

constantly rotating, but operate in a certain interval of degrees turned. 
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From previous investigations and general unbalanced rotor theory, we know 

there will be a strong component in the spinning frequency of the wheel, as well 

as harmonics in the range up to 1 kHz.  

The theory studying these vibrations is still not fully developed. Experimental 

studies may be performed on hard mounts or flexible stands. Hard mounts allow 

for an easy measurements of the vibrations caused by the RWA, but since these 

structures are very heavy, they are not representative of the actual system. This 

is because the assembly’s response may tilt the rotor, causing imbalances which 

would not be present if the mount is much more rigid than the real structure.[10] 

Other similar mechanisms include pointing devices which rely on 

electromechanical actuators for rotation of instruments. In order to keep the 

attitude of the spacecraft constant, the use of these mechanisms cause a need 

for torque from the RWA, so that the sum of moments is null, so one can expect 

several rotating mechanisms in play at the same time. 

3.1.4 Turbines 

Certain spacecraft with high power requirements may use turbines for electricity 

generation, while some liquid rocket propulsion systems utilize gas generator 

cycles to generate the necessary pressure in the combustion chamber. Pressure 

of the propellant is increased by burning a fraction of the fuel flow for expansion 

in a turbine, which in turn drives the pumps which inject it to the combustion 

chamber. These of course qualify as “rotatory machinery”, but are distinct from 

reaction wheels in that they also interact prominently with fluids and can be much 

noisier.  

In this case, vibration is not exclusively the result of imbalances with respect to 

the rotation axis or defects on the bearings, but also the flow turbulence, stator-

rotor rubbing and combustion instabilities.  

Acoustic emission monitoring of these machines has treated mainly sources 

related to the hardware, because the traditional purpose of these techniques is 

to detect component damage in order to direct servicing operations on the 
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ground.[11] Online monitoring techniques have been applied to some parts 

susceptible to damage, such as bearings [12] and rubbing  rotors [13] [14]. 

This approach would obviously be very hard to apply in the space environment, 

but early fault detection could be possible, which would allow for commands to 

be issued to the control unit for readjustments which can extend the effective 

lifetime at the cost of performance. 

Nashed et al. [15] studied the acoustic emissions exclusively associated with the 

flow, rather than the structure-borne emissions associated with the parts. 

According to his findings, these sources could in principle be used to predict 

damage, but their evolution was deemed too complex to easily deduce the 

running speed. 

3.1.5 Fluid flows on pipes, valves and tanks 

A number of fluids need to be stored in-flight for use in a number of systems, 

typical examples being cryogenic coolant and fuel needed for propulsion. Within 

a microgravity environment, pressure differentials must be forced, since gravity 

does not effectively act upon the fluids. This may be achieved by storing fluids 

with high initial pressure, or through the use of pumps. 

It was not possible to find a study on the acoustics of laminar flows, presumably 

because vibrations produced in turbulence are much more important. Noise 

generated by turbulent pressure fields, however, is a classic problem in fluid 

mechanics. Vibrations are produced and amplified by the passing of the flow 

through pipe fittings [16] and mitred bends[17]. 

In any case, the modelling of this problem is too complex to realise with the 

resources assigned to the present project, because the phenomenon of 

turbulence is highly non-linear, non-stationary and coupled to the behaviour of 

any disturbance or deformation on the pipe, so its study will not be pursued 

further. 
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3.1.6 Deployable mechanisms and explosives 

The topic of this sub-section is addressing the use of deployable or detachable 

structures. These mechanisms are very diverse, but they will be grouped in the 

category of single-operation or “one-shot” devices. 

In order to fit in a launcher’s faring, most spacecraft need to fold some appendices 

which would otherwise stick out of its main body, such as antennas, booms or 

solar panels. Deploying mechanisms include pyro devices whose explosions may 

shock and crack the surrounding structures. The other prominent use of 

pyrotechnic devices in spacecraft is the detachment of used up rocket stages so 

that the rest of the spacecraft can go on to its final destination.  

The current approach to handling these explosive charges on board is to perform 

considerable testing on the ground to ensure their reliability and that the damage 

is contained to the elements that must be destroyed for deployment, as failure to 

deploy would be very likely to cause total mission failure. Typical shock response 

to this kind of mechanisms is characterized by accelerations in the order of 

10000s of g’s and very wide frequency ranges, up to the order of 10 kHz [18]. 

There are efforts to minimize the amount of these pyrotechnics due to concerns 

about orbital debris generation, acoustic shock to be absorbed by the structure 

and sensitive electronics, especially in the case of small satellites. Proposed non-

explosive deployment concepts proposed include the use of shape memory 

materials [19] and thermal cutting through conductive wire [20]. 

There are many other ‘unfolding’ mechanisms, such as morphing booms or, more 

recently, inflatable modules for space stations, of which the Bigelow Expandable 

Activity Module was integrated in the ISS.  

These of course do not have the same acoustic characteristics as pyrotechnics, 

but they retain the property of only being used once. From a general perspective, 

this means the time in which they operate is much shorter than the total time of 

the mission. That is to say the interest of monitoring their activity may be limited 
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in principle, what would be of interest is the characterization of the spacecraft 

before and after deployment. 

3.2 Environmental sources 

3.2.1 Atmospheric drag in space exploration missions 

The use of acoustics might be part of the payload in scientific missions, in 

particular to other planets or moons. One of the instruments mounted on the 

Huygens probe was a microphone with the purpose of recording atmospheric 

sound during entry and landing [21]. The same system mounted several piezo-

accelerometers used to calculate the equations of motion. 

Acoustics are of interest to characterize the behaviour of the atmosphere, and 

from these measurements, properties such as composition or sound speed [22]. 

This does not constitute part of our proposed condition monitoring system’s 

targets, but it is likely to introduce more noise sources which can alter or drown 

out the measurements relevant to the spacecraft. As mentioned in [22], the 

potential target phenomena manifest themselves in diverse frequency bands, 

which could make this type of condition monitoring impractical in landers. 

3.2.2 Electrostatic discharges 

Electrostatic discharges are a common issue in geostationary applications. They 

are caused by a charge build up on surfaces exposed to space plasma. 

Difference in charging between surfaces can lead to these events, which are of 

great concern due to the disturbances they can induce on electronic systems and 

the possible damage to thermal blankets or composite panels. 

These concerns are serious enough for space agencies to adopt mitigation 

strategies that can drastically reduce the consequences and frequency of these 

events. The problem is well-noted, and the techniques for it mitigation have been 

studied for a long time [23][24][25]. 

Something that seems to have been generally ignored however is the potential 

acoustic emission associated to this problem. If the discharge is violent enough 
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for a spark to be produced, there should be some vibration response of the 

structure. The physics of the problem is analogous to that of thunder in our 

atmosphere: lightning creates a pressure wave by suddenly heating the gas in its 

vicinity, which makes it expand against the rest of the environment. 

The same could be true for solids experiencing sudden heating, but more 

problems might appear on the structure, such as burning or sudden phase 

changes. It may be possible to monitor these occurrences with an acoustic 

system, but more research into this type of interaction is needed before. 

3.2.3 Micrometeoroid or orbital debris impact 

MMOD impact is becoming a concern for operators of satellites in LEO. Since the 

beginning of the space age, many satellites have been left orbiting without 

control, and their fragmentation is the most important source of new debris which 

may impact new satellites. 

 

Figure 1 Growth of catalogued objects population in Earth orbit [26] 

Even with mitigation strategies, the amount of derelict objects in Earth orbit is 

projected to increase in the next years, which may pose a big threat to space 

operations in the future. 
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It may be of interest a system which is able to monitor the impact of debris on 

spacecraft during operation for quick diagnostic purposes. Collision with other 

satellites or rocket stages are likely to destroy any spacecraft immediately, so this 

work will only consider smaller debris, with characteristic lengths of a few 

centimetres at most. 

In-orbit impacts typically have speeds in the order of several kilometres per 

second. Nearly frontal collisions may reach speeds close to 20 km/s. At these 

speeds, effects on spacecraft performance can be dramatic, so mitigation 

strategies such as sacrificial shields have been considered for use in orbit.  

As for the dynamics of the hypervelocity impact itself, the energies involved are 

sufficient to induce phase changes in the materials, such as micro-cracking, 

vaporization, recrystallization, yielding or penetration [27]. Classical vibration 

theory would model these impact as instantaneous impulse on the structure, 

which causes in turn a theoretically infinitely wide frequency spectrum. 

3.2.4 Decompression of vessels 

Fluids are typically stored in pressurized tanks which, if damaged, will violently 

decompress against the vacuum of space. Such is the case of propellant tanks 

or habitable modules in space stations.  

The dynamics of decompression and rupture of pressurized vessels has been 

widely studied, especially for hypervelocity impact damage. Depending on the 

materials and parameters of the impact. 

3.2.5 Propagation of structural damage 

Cracks and fractures are mostly studied as ‘modifiers’ of the original structure, 

referring again to the structure as a solid, physical part of the system and not 

exclusively a frame specifically tailored to carry loads.  These cracks introduce a 

degree of non-linearity in the system, as they act as stress concentrators, and 

may carry loads differently in tension or compression situations, thus modifying 

the dynamic response of the system to an event when compared to the pristine 

structure. 
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This has an effect on the viability of the monitoring strategies, for the system 

needs to be able to extract information from a damaged state. However, in 

principle, a spacecraft will not be able to detect a crack unless it can perform a 

dynamic response test through an active SHM strategy. 

Moreover, the propagation of structural damage itself is in fact a source of 

acoustic emissions[28], which is related to the crack propagation and orientation. 

This means the event of propagation could potentially be detected by a sensor 

network. 

3.2.6 Thermal cycling 

As spacecraft in Earth orbit go in and out of the planet’s shadow, the radiative 

thermal power received changes drastically between day and night situations. 

This usually induces expansion or contraction respectively of the materials 

making up the spacecraft. The phenomenon known as thermal creaking is 

caused by the release of strain energy which builds up as a consequence of 

components not being able to deform freely when experiencing a thermal load. 

The result is an acoustic emission which propagates through joints and friction 

points. 

The mechanisms restricting the free deformation of the structure are mismatching 

of coefficients of thermal expansion (CTE) across different materials used in 

construction, and non-uniform heating of elements, even if these elements are 

homogeneous [29]. 

In addition, a more well-known problem is that of thermally induced vibration of 

beam-like elements, which is a high amplitude, non-linear and potentially 

unstable oscillation. Some spacecraft failure modes are attributed to this 

phenomenon, such as the OGO-IV satellite, the Voyager space explorer and the 

Hubble Space Telescope [30]. A classical mathematical analysis of the 

phenomenon can be found in [31]. 
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3.3 Rigid-body motions 

The reader might consider the influence of the structural response under inertial 

loading during acceleration or turning. Indeed, aircraft manoeuvres implying 

sudden attitude changes can cause the structure to ‘creak’ due to different parts 

of the system being further away from the turning axis than others. That is to say, 

as a rigid body, some parts are accelerated more than others. 

In this work, we assume the spacecraft to turn always turn and point slowly 

enough, so that the structure does not experience a loading able to cause such 

behaviour. 

Thus the effects of the residual aerodynamic drag the system may find in orbit, 

the attitude control and magnetic moment generated as a consequence of moving 

within a planet’s magnetic field may be reasonably neglected for the purposes of 

this work. 
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4 Selection and analysis of sources for CubeSat case 

study. 

The following step in the study of the proposed monitoring system will be the case 

study of a CubeSat subjected to several of the aforementioned noise sources, in 

order to see a representative approximation to the output generated by the 

system. This is intended to clarify whether or not the reaction of the structure 

carries enough information to discriminate features describing the state of the 

sub-systems that act as sources. 

Due to constraints to the resources of the present project in terms of time 

allocated and manpower, not all of the sources discussed will be implemented in 

the study. It is noted however, that a real system might be affected by most or all 

of them acting at once at any given time, so even if the results of the study are 

favourable, it will not mean ultimately that the strategy is feasible. 

4.1 Down-selection of noise sources 

The selection of the loads will respond to a trade-off analysis among the sources 

discussed in section 3 of this document. Whilst it is true that this will ultimately 

respond to first estimations and partially or totally arbitrary decisions, the rationale 

behind it is that performing several small, partial judgements will make for a more 

objective result. 

The parameters selected for the trade-off will be: 

 The availability of information in the literature regarding the vibrations 

generated by the system. 

 The difficulty of modelling the source in a FE program. 

 How direct the applicability of the system which generates the noise is 

specifically to CubeSats. 

 The global interest that the space industry as a whole might have in 

monitoring each source for any other spacecraft. 
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These aspects will be ranked in a scale of 1 to 5, except for the last one, which 

will be ranked from 1 to 3, a down-weighting to account for the fact that it may be 

redundant with the third criterion. 

We are also interested in having at least one environmental and one operational 

(as per the nomenclature convened in chapter 3) to ensure the system would 

ideally have some awareness of both its own operation and unexpected upsets. 

 

Table 2 Trade-off for selection of sources to be implemented 

Source 
Information 

availability 

Ease of 

modelling 

Relevance 

to 

CubeSats 

Global 

interest 
Total 

Active acoustic 

monitoring 
2 5 1 1 9 

Propulsion 

systems 
3 2 2 2 9 

Rotatory 

machinery 
5 4 5 3 17 

Turbines 4 2 1 1 8 

Fluid flow 3 1 1 2 7 

Deployable 

mechanisms 
3 3 2 1 10 

Atmospheric 

drag 
2 1 1 1 5 

Electrostatic 

discharge 
1 2 2 1 6 
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MMOD impact 4 3 3 3 13 

Decompression 

of vessels 
2 2 1 2 7 

Structural 

damage 
4 3 2 3 12 

Thermal 

cycling 
4 2 2 3 11 

Rotatory mechanisms come out as a very clear winner, and will be therefore 

taken to the next step of analysis. Many of the other sources however are in a 

band between 9 and 13, so a deeper discussion is needed to ascertain which 

ones will finally be included in the case study. 

The obvious start point of this discussion is the MMOD impact, as the second 

highest score. In this instance, this source will also be selected due to the wider 

possibilities it offers. Orbital debris is an ever-growing concern for space 

operations because of the past and current use of space in terms of leaving man-

made objects behind, and one additional point in favour of looking into it is the 

general interest of experts within the space research group at Cranfield 

University. 

Another issue is the modelling of orbital debris flows and populations being 

difficult to refine, due to the resolution limits on ground-based radar networks, 

and the complexity of space-based systems, only objects which are above a 

certain size threshold can be feasibly tracked. As such, if the outcome of this 

vibroacoustic monitoring proposal is successful, and a certain emission can be 

classified as an impact of this nature with a reasonable level of certainty, the 

possibility arises to use new spacecraft going into orbit as MMOD detectors to 

provide, as a side-mission data about where and when impacts are happening. 

This information can then be fed to statistical modelling tools, forming a scheme 
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similar to the “ships of opportunity” initiative to use scientific instruments on board 

commercial ships for oceanographic studies. 

The next two sources as ranked by the trade-off are structural damage and 

thermal cycling, but a close look at the “ease of modelling” score classifies them 

both as relatively hard to model.  

It is readily obvious that the trade-off is too simplistic a solution when estimating 

complexity, because it does not go into details of what the monitoring will exactly 

be aimed to.  

In the thermal cycling case there are possibilities to study the ‘creaking’ of joints 

as they heat up or cool down, which is in nature highly difficult, requiring separate 

scripts for the generation of the signals, or the thermal flutter of elongated 

structures, which are not very interesting in a CubeSat system. The structural 

damage can be studied, as previously discussed, as a proper noise source, or as 

a modifier of the structural response to other sources, introducing a non-linear 

and asymmetric behaviour which would not be present in the pristine structure. 

In order to keep the modelling and the amount of loading cases to be studied in 

the following section within reasonable margins while trying to maximize the 

amount of sources taken into account, it was deemed unreasonable to study all 

the complexities involved with these two, although they are definitely 

considerations which need to be addressed.  

As far as the trade-off goes, the immediate decision would be to study structural 

damage, but without thermal cycling under constrained strain conditions, there is, 

at least in principle, no stresses to drive the growth of a crack, unless something 

in the operation subjects the region to extreme mechanical cycling, that is, 

another extreme case of a noise source, such as a propulsion system, is present 

as well. 

In retrospective, even though structural damage and thermal cycling both “won” 

the trade-off against deployable mechanisms, the unexpectedly bad estimation 

of modelling complexity and problems with the use of the Ansys software 
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throughout the modelling and simulation stages made it impossible to fit this 

analysis, which was left as future work. 

This comes to show that the initial estimates on which the trade-off relied turned 

out to not be realistic. 

Coming for now to the last of the double-digit scores of the trade-off, there is also 

an interest in the space research group at Cranfield University for deployable 

mechanisms, more specifically in drag augmentation strategies for end of life de-

orbiting. Recent work done in this area includes the manufacture of deployable 

drag sails, which are still one-shot mechanisms, but may produce a vibroacoustic 

signature as the sail unfolds, rather than a single explosion at one point of time 

as would be the case in the detachment of a spacecraft from its launch vehicle. 

It may be valuable therefore to monitor that the deployment responds to expected 

patterns to check that the mechanism is successfully set up, or if it is not, to serve 

as a starting point for an investigation as to why.  

This miscellaneous concern adds up to the importance of having more diverse 

noise sources in the final analysis. The final decision is therefore to model rotatory 

devices, MMOD impact and the deployment of a drag sail. As for structural 

damage, as it has been discussed, was not finally implemented, but even though 

there is no expected driver for its growth, it may be interesting in the future to 

model how it modifies the response from a pristine model to a damaged state.  

Saying there is no driver for crack growth is not the same as saying there would 

not be cracks in the system, as the typical approach to fracture mechanics is 

generally assuming the crack is already there, and studying the conditions under 

which it expands because the process of generation is usually poorly understood. 

A crack may be produced in a spacecraft as a result of less than perfect 

workmanship or handling on the ground, or resulting from the strong vibrations 

associated with the launch. 
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4.2 Idealisation of the loads 

Due to the resources limitations of the project and the nature of the software tools 

available, the vibration sources to be analysed need to be simplified and 

converted to a form which can be used as input for the Ansys Workbench 

package. The current section’s purpose is to explain the simplifications and 

hypotheses used, and the rationale behind them. 

Due to the complexity and level of specialisation of each of these problems, the 

full output of previous research done on the topics is unmanageable for the 

purposes of this project, and the process of adaptation of available data to finite 

element input was found to be much more complicated than initially expected. 

That is to say, it is not possible to guarantee the validity of the inputs of the model, 

even within orders of magnitude, due to the concatenation of assumptions 

required to keep the information at a manageable scale and still provide a 

reasonable approximation. 

Future work will be proposed to solve some of these deficiencies and criticise the 

decisions taken during this stage. 

An important factor in the following subsections will be the need to convert the 

physical interaction between a vibration source on the satellite structure to the 

numerical value of a force acting on a certain point of it. Most of the published or 

available data, however, were not expressed in terms of force, so approximations 

and assumptions will need to be made to adapt the available information to the 

simulation technique. 

Doing this adaptation also requires some insight on the details and limitations of 

the geometric model of the spacecraft itself, so the reader may not fully realise 

the details of the implementation until reaching section 5.2, in which the 

idealisation of the spacecraft is described. 

4.2.1 Reaction wheels 

Reaction wheels will be considered as varying nodal forces applied in four nodes 

close to where the joint between the reaction wheel and the rest of the 
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commercial ADCS selected would be. Addari et al. [10] developed an analytical 

model for reaction wheels and their supporting structure, but its direct 

implementation was impossible due to the large amount of unknown parameters 

involved. 

What this reference did provide was a frequency spectrum corresponding to a 

reaction wheel assembly operating on a test bed. The authors extracted features 

corresponding to the force, momentum and acceleration induced by this wheel 

on the transducers placed on the supports and plotted them in the frequency 

domain to compare the experimental and numerical plots they obtained. 

The plots show that the shift caused when the rotation speed changes is not 

simple to analyse, so what is going to be done in this work is taking the plots 

corresponding to force exerted for 1500 rpm and 2400 rpm spinning speeds, 

shown in Figure 2. 
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Interestingly, the maxima for the first of these plots do not occur at 25 Hz, which 

is what classical theory of unbalanced rotors would suggest, although this is not 

the case for plots at higher speeds, which suggests there might be some 

interaction shifting the frequency at low rotational speeds. This is not the case at 

2400 rpm, as the first maximum response does appear at 40 Hz. 

One additional problem encountered when translating the spectra presented in 

[10] is the lack of phase information, which prevents the application of an Inverse 

Fourier Transform in order to obtain a time signal or an energy content. The 

technique which was used is described in [32], although the authors use it to 

propagate their incomplete information about a wave, and not just a vibration 

spectrum. 

Ignoring the spatial distribution term within the wave function, we can consider: 

Figure 2 Plots for input spectra for reaction wheel analysis at 1500 

and 2400 rpm [10]. 
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𝐹(𝑡) = ∑ 𝐴𝑖 sin(𝜔𝑖𝑡 + 𝜓𝑖)

𝑁

𝑖=1

 

With this we can set an arbitrary number 𝑁 of frequency components, and 

generate a random phase 𝜓𝑖 to accompany them. 

The amplitudes 𝐴𝑖 can be extracted from the spectrum with the formula: 

𝐴𝑗 = √2𝑆(𝜔)Δ𝜔 

With 𝑆(𝜔) being the amplitude shown in the original spectrum. 

A sample of 512 points, interpolated out of the original graphs was used, and both 

a usable force ‘spectrum’ and a time-dependant signal were generated in Matlab. 

 

4.2.2 Deployment mechanism 

As it was already mentioned, the Cranfield Space Research Group is involved 

with the development of drag sails for de-orbiting of small satellites. The group 

has provided a video of a deployment test of a drag sail in a cleanroom, the audio 

of which was extracted through the Audacity computer program. 

With the application of a Fast Fourier Transform implemented in Matlab, it is 

possible to extract the frequency spectrum of the sound file, which can then be 

used as input for a finite element program. 

The idea is to extract the sound file in Matlab, scaling it to erase the dependency 

on the microphone used, and applying it as input in the FE model. 

There are serious limitations with this approach, however, as the video was not 

originally intended for this use. The interaction between the drag sail and the 

surrounding air generates turbulence which would not be present without it, thus 

adding frequency components to the vibration produced by the mechanism itself. 
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The way to solve the problem would be to perform the test deployment on a bench 

specifically equipped to record the vibrations on the bearings, ideally in a vacuum 

chamber, but for the time being, this flaw is acknowledged, and it is assumed it 

is not important enough to make the analysis invalid altogether. 

Another major arises as a result of the need to scale the data to something close 

to the impact generated by the real mechanism. The relationship between the 

sound file used and the vibration of the support plate is very complex and 

depends on many parameters which are unavailable, such as microphone gain 

and linearity, distance between the mechanism and the microphone or the 

material of the support to name a few. 

The extracted file only gives an approximation to the shape of the actual signal, 

but no information about its amplitude, and even within orders of magnitude, 

acquiring this information does not seem easy. In order to move forward with the 

project, a strategy to approximate this amplitude was developed. Its validity may 

be questioned, but the message to be derived from the resulting simulation 

should at least provide some insight about the reaction of the structure to a 

deployment excitation. 

The model developed is based on the principle of action-reaction, simply and 

colloquially stated as “when you spin a mechanism, the mechanism tries to spin 

you back”. The mechanism will have some sort of energy stored in the form of a 

spring which will deliver a torque to stretch the sail segments, and in turn it will 

take the main structure as a support.  

This motion will be modelled as a constant torque 𝑇 that tries to spin a beam of a 

certain mass and length a 90º angle.  

The main assumption is that the torque required for this motion is equal to the 

maximum of the scaled frequency spectrum, which means the problem is now 

estimating that same torque. 

The beam is supposed to represent each one of the booms of the deployment 

mechanism plus the corresponding mass fraction of drag sail it has to drag. The 
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booms’ length was estimated to be 40 cm, and the booms and sail estimated to 

represent half of the overall weight of the drag sail subsystem, which is in turn in 

the order of 0.5 kg. 

This amounts to each boom being modelled as a 40 cm long beam with a total 

mass of 0.0625 kg, which in turn gives an inertial moment, 𝐼 =
1

2
𝑀𝐿2 =

3.33 10−4 𝑘𝑔𝑚2. The beam has to turn 90º starting from a rest position. The total 

time it takes to do that is 0.63 seconds, so the equation of motion may be written 

as: 

𝜃(𝑡) =
𝑇

𝐼

𝑡2

2
  

Torque is modelled in the Ansys Workbench package as a remote force, applied 

at a certain distance. From the geometric model, this distance was set as 14.5 

mm. 

𝑇 = 𝐹 𝑑 

𝜃(𝑡) =
𝐹 𝑑

𝐼

𝑡2

2
  

𝐹 ≈ 1.8172 𝑁 

This value was used to scale the frequency spectrum acquired from the video’s 

audio file to finally obtain an estimate of the vibrations induced by the mechanism. 

However, due to frequency resolution restrictions imposed by our finite element 

model, to be discussed in section 5, it is not possible to see the influence of 

frequencies higher than 2 kHz, so a Butterworth filter of order 5 will be 

implemented in Matlab to wipe out those frequencies which could not be resolved 

with the model anyway.  

The signal needs also to be re-sampled at a lower frequency, as the original 44.1 

kHz sound standard results in a very large vector to be input in Ansys Workbench. 

The Matlab ‘decimate’ command with a reduction factor of 8 was used for this 

purpose. 
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This final signal will be treated as a tabular input for a transient time history 

analysis as a nodal force applied in four nodes located where the joint between 

the deployment mechanism and the CubeSat external shell is. 

A spectrum of the final signal used as input for the deployment is shown in Figure 

3: 

 

Figure 3 Frequency spectrum corrresponding to deployment 

 

4.2.3 Hypervelocity impact 

Modelling of hypervelocity impacts is usually carried in order to assess the 

damage caused to a given structure, but this is not the focus of this project. 

Setting up an explicit dynamics analysis of this problem is out of the resources 

allocated to this work, so it will be treated in a peculiar fashion in order to get 

0 500 1000 1500 2000 2500
0

5

10

15

20

25

30

35

40

45

50
Frequency spectrum of the deployment input signal

Acceleration (m/s2)

F
re

q
u
e
n
c
y



Selection and analysis of sources for CubeSat case study. Víctor Villalba Corbacho 

 

 

33 

 

some estimates on the kind of reaction we would expect far away from the impact 

point. 

Let us make the following assumptions: 

 When the impact occurs, the material of the projectile becomes embedded 

into the spacecraft, so the impact is completely inelastic. 

 The spacecraft’s structure remains in pristine condition after being hit. 

 The penetration speed may be assumed constant and equal to the relative 

velocity between the spacecraft and an MMOD. 

 Rigid body rotations may be ignored and the impact is carried out parallel 

to the original flight path. 

These assumptions may be unacceptable for detailed damage models, but on a 

global scale they should allow for the simulation of a very strong force applied 

during a very short period, and that could yield a reasonable approximation to a 

real impact. 

Let us consider a projectile of mass 𝑀𝑝𝑟𝑜𝑗 hitting a surface of thickness 𝑡 on a 

spacecraft of mass 𝑀𝑆

𝐶

 at relative speed 𝑉𝑟𝑒𝑙 producing a Δ𝑉. As the impact 

occurs, linear momentum must be conserved before and after: 

𝑀𝑝𝑟𝑜𝑗𝑉𝑟𝑒𝑙 = (𝑀𝑆/𝐶 + 𝑀𝑝𝑟𝑜𝑗)Δ𝑉 

Δ𝑉 = 𝑉𝑟𝑒𝑙

𝑀𝑝𝑟𝑜𝑗

𝑀𝑆/𝐶 + 𝑀𝑝𝑟𝑜𝑗
 

With the assumption that the time it takes for the impact to take place is the time 

it takes the projectile to travel the plate thickness: 

Δ𝑡 =
𝑒

𝑉𝑟𝑒𝑙
 

Now applying D’Alembert’s principle: 

𝐹Δ𝑡 = (𝑀𝑆/𝐶 + 𝑀𝑝𝑟𝑜𝑗)Δ𝑉 
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𝐹 = 𝑀𝑝𝑟𝑜𝑗

𝑉𝑟𝑒𝑙
2

𝑒
 

In order to generate a useful value, we may think of an archetypical piece of 

orbital debris. ESA estimates more than 170 million objects of sizes between 1 

mm and 1 cm, and 670,000 objects in the 1 cm to 10 cm range [33].  

This work will assume a spherical piece of debris, 1 mm in diameter and made 

out of aluminium, as a representation of the general populace of very small 

debris. The main reasons for this are the fact that aluminium has been extensively 

used in aerospace structures, the debris size distribution is heavily skewed 

towards very small objects, and a larger piece of debris would be likely to destroy 

a CubeSat class satellite, therefore negating any meaningful data extraction. 

An object of these characteristics would have a mass of 1.41 milligrams. Typical 

impact speeds are in the order of 12 km/s. Applying this impact in one of the 

reinforced shear panels of the structure considered, with a thickness of 3 mm, 

give an estimate of the force: 

𝐹 ≈ 68000 𝑁 ; 

 

5 Finite Element analysis of a CubeSat with diverse 

loads 

5.1 Design of the CubeSat system to be analysed 

Whilst this research project’s main focus is not to provide a detailed and optimal 

design for a space mission, the proposal of a simple CubeSat design is necessary 

in order to have a platform in which the hypotheses of the monitoring system can 

be tested. 

The hypothetical spacecraft is to be a simple but reasonable first approximation 

to the problem of monitoring a real system, and has been sketched and modelled 

to serve the purpose of sustaining the loads selected in section 5.1. 
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The drivers behind the geometrical design were: 

 Simplicity through the use of COTS components. 

 Ability to display the different loads discussed in a reasonable way. 

 Performing a mission outside being a demonstrator for our technology. 

As such, no formal considerations have been given to important constraints to a 

real design, such as mass, power or data budgets, launch schedule, orbital 

parameters, thermal dissipation, structural strength or any other problems usually 

faced in space systems engineering. 

The current proposal was not started from scratch, as it is based on the CHASR 

CubeSats proposed for the CastAway+ group design project carried out by MSc 

students of Astronautics and Space Engineering at Cranfield University in 

2016/17. The original spacecraft also relied heavily on COTS components and 

was also in a primary stage of the design. 

The mission of CHASR spacecraft is to impact asteroids surveyed by the main 

CastAway+ spacecraft in order to provide scientific data from up close, but this 

was not deemed an appropriate platform for the purposes of the present work. 

The reason is the implementation of several of our target systems: the original 

CHASR mission had no need for deployable drag sails, as it was supposed to 

operate in deep space, and more than half of the space was devoted to the 

propulsion system, which was discarded in the trade-off performed in section 5.1.  

Because of this, while the original structure and positioning of the batteries, 

OBDH and antennae was generally respected compared to the original baseline, 

the propellant tank was substituted by a payload, which in this case is a 

commercial spectrometer intended to simulate that the current spacecraft is in 

fact performing an Earth-observation mission. The spectrometer was modelled 

after the commercially available Argus 1000 spectrometer. 

As for the engine of CHASR, this was replaced by a plate holding a deployable 

drag sail. The details of this mechanism are intellectual property of Cranfield 
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University and not the object of this study, so only a superficial representation of 

a scaled-down version was actually modelled.  

This mechanism, in the current proposal, would sit exposed to the space 

environment, as ejection of shear panels is not to be considered in this particular 

problem, which of course gives rise to problems of radiation shielding and 

structural reliability. These are acknowledged flaws in the systems design of the 

spacecraft. The justification could be that the system is intended, as part of its 

mission, to demonstrate deployment of a drag sail which is smaller than realized 

versions. 

The original frame was also cut down to a size larger than a 2U conventional 

CubeSat, but shorter than a full 3U, which in practice could give rise to problems 

with the deployment of the system itself. This is because the original frame would 

clash with the drag sail as it unfolds. 

In the end, the final spacecraft assembly contains:  

 An attitude determination and control system modelled after the Cube 

ADCS, which contains a reaction wheel and two magnetic torquers in its 

Y-momentum configuration. 

 Three battery packs modelled after the BAox High Energy Density Battery 

Array, Pegasus class BA01/D. 

 An on-board data handling system based on the ISIS On board computer. 

 A spectrometer, modelled after the Argus 1000 infrared spectrometer. 

 An S-band antenna array based on the HISPICO S-band transmitter for 

Pico and Nanosatellites. 

 An additional computer based on the Cube Computer. 

 A custom nanosatellite drag sail held to an aluminium plate. 

 Three solar panel arrays modelled after the ISIS CubeSat solar panels. 

 A main structure loosely based on that of the ISIS 3-U cubesat structure, 

adapted and modified with a decrease in length and a shear panel allowing 

the spectrometer and the ADCS to see through it. 
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For the purposes of this project, cabling is not taken into account, and it is also 

assumed that the system will comply with the temperature requirements 

adequate for all the equipment on board. 

The main material chosen for this model is an aluminium alloy 6061, 

commonplace in aerospace applications. The choice of materials does not matter 

as long as the final representation is a reasonable approximation of a real 

structure. Other possible materials for the structure are other aluminium alloys or 

carbon-fibre reinforced plastics. However, the modelling of composite structures 

can be complicated, due to their non-isotropic properties, so it was not considered 

for this project. 

The other material used in the modelling of this spacecraft is that of which the 

printed circuit boards (PCB) are manufactured. These devices are the base on 

which on-board computers and processing units are built, and are usually 

mounted directly onto the structure. 

The most common PCB material for this type of application is glass-fibre 

reinforced epoxy, with thin layers of copper imprinted onto its surface. A common 

denomination for these materials is FR-4, where FR stands for Fire Resistant. 

There is a wide variety of potential materials of this type, with different 

thicknesses, stack lay-ups and filler materials depending on the manufacturer. 

Specific data in a real situation would need to be provided by the manufacturer 

of the PCB, but in this document, typical values found in the literature will be used 

as a reasonable approximation. 

Unlike aluminium, this type of composite cannot be considered isotropic, so it is 

characterized by a different set of elastic constants, namely Young’s modulus 

and Poisson’s ratio in different directions. 

It is also worth mentioning that the materials’ properties change very significantly 

with temperature and vacuum, so a both a good understanding of this variation 

and detailed information about the temperature distribution in the spacecraft 

would be needed to apply a model-based approach to a real system.  
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Figure 6 offers a comparison of the original block-type diagram of the CHASR 

and the final CubeSat proposed for this study. 

 

 

5.2 Idealisation of the structure 

5.2.1 Geometric modelling 

Importing a complex CAD-generated geometry for meshing in a finite element 

program is not usually efficient nor simple. The satellite model is made out of thin 

solid elements, which could not be recognized as shells or beams in the FE 

software.  

In principle, meshing them as 3-D solids would be a possibility, but compared to 

a 1-D formulation for beams and a 2-D formulation for thin shells, the 

computational cost is radically increased, and the precision of the results is 

actually decreased due to having a dimension which is much smaller than the 

Figure 4 Comparison of block-type diagrams of CHASR and the proposed 

system. 
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other two, which in the finite element method gives rise to ill-conditioning of the 

resulting system of equations. 

The structure was therefore further simplified to a form which could be easily built 

into the Ansys Workbench modelling tool: a main frame structure of L-shaped 

beams.  

 

The thickness of the L section was set 

as 1.5 mm and its side to 8.5 mm. 

Offsets were put in place to ensure that 

the overall shape complied with the 

standard dimensions of CubeSats. 

The resulting cross section is 

represented in Figure 7. 

 

 

 

The shear panels of the structure were modelled as aluminium plates of 1.5 mm 

thickness. Adequate holes were put in place in order to let the ADCS and the 

spectrometer operate through them, and the reinforcing bands of the basic frame 

were represented as 1.5 mm aluminium plates as well. When superimposing the 

shear panels or the solar panels, which are assumed to be rigidly attached to the 

frame, their total thickness is assumed to be 3 mm in all cases. 

The solution of rigidly joining the shear or solar panel to the frame structure may 

be disputed, as these are in reality bolted or slid in place, so depending on the 

type of real joint, which in turn depends on the manufacturer, the representation 

made here may be inaccurate. It was chosen this way because modelling other 

types of joints may not be easy, and it was seen as a minor problem. 

Figure 5 L-section of the frame. 
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The systems were modelled as plates, the battery packs and the payload were 

considered to rest on aluminium plates, with lumped masses representing their 

weight. The rest of the systems were modelled as plates of orthotropic glass-

expoxy composite, also with their lumped masses added to the plate in order to 

represent them. All of these masses are treated as uniform added masses on top 

of the plates supporting them. 

The final result as reproduced in the Design Modeller tool included in the Ansys 

Workbench package can be seen in Figure 6: 

 

Figure 6 View of the CubeSat structure in Ansys' Design Modeller. 

As a summary, the modelled characteristics of the different systems will be 

reproduced in Table 3. 

System Support material Lumped mass 

ADCS Glass-epoxy 351 g 
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Battery packs Aluminium 540 g 

OBDH Glass-epoxy 94 g 

Payload & Antenna Aluminium 305 g 

Second computer Glass-epoxy 50 g 

Solar panels Aluminium Negligible 

Deployment mechanism Aluminium 300 g 

Table 3 Modelling properties of systems 

The silicon cells add only a small amount of weight to the aluminium support, so 

their effect will be neglected.  

5.2.2 Modelling of materials 

As previously mentioned, the materials used in the modelling of the structure are 

Aluminium 6061 and a Glass-epoxy composite material. The former’s properties 

are easily found and is generally considered as a linear-elastic isotropic and 

homogeneous material.  

However, PCB’s mechanical properties are not easy to model, as they heavily 

depend on the manufacturing process and are not part of the critical operative 

parameters which electronics designers require. Some features affecting these 

properties are the fibre mass fraction, ply lay-up, curing temperature, coating, 

electronic components disposition and materials, ply thickness and added 

reinforcement particles.  

These complexities are to be acknowledged, but the lack of real-world data and 

resources to perform some kind of evaluation of these materials forces some 

simplifications to the problem: 

 The material may be considered homogeneous, with inhomogeneity 

playing a second order role on its deformation. 
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 All the plates in the model will be considered to be equal in thickness due 

to the lack of specifications corresponding to the selected on-board 

systems. This thickness will be set as 1.5 mm. 

 The constitutive law is assumed to be that of an orthotropic material, with 

values for the several moduli of elasticity and Poisson ratios taken from 

[34]. 

 This implies neglecting the stiffness of reinforcements, added thin films or 

electronic components. 

Material and structural damping were also factors to be taken into consideration. 

Damping due to the structural disposition is too complex to capture with the 

proposed model, as it depends on types of joints and energy release mechanisms 

such as creaking, but as a first approximation, in metallic, the two effects may 

generally be considered of the same order, so the proposed method to take both 

of them into consideration is to just double the damping that an ideal structure 

would have from internal material friction. 

Colakoglu et al. [35] investigated the damping properties of the 6061-T6511 

aluminium alloy as a function of cumulative fatigue damage, but operation of on-

board systems considered for this work would not produce this type damage due 

to very low amplitudes in case of the reaction wheels, or due to the event being 

single-exposure for deployable mechanisms or hypervelocity impacts. This 

justifies using just the first value of the damping coefficient reported, which is 

480 ∗ 10−5. 

As for the PCB material, Jagdale et al. [36] reported an adequate damping 

coefficient of 9% to adjust a finite element model to an experimental set up. 

Damping is therefore an order of magnitude more intense in the case of PCB 

plates, due to the great amount of friction that happens in the matrix, and the 

fibre-matrix interface. This is already a very high damping value, so it was not 

considered reasonable to double it to account for structural effects as it was done 

with the aluminium. In this case, material damping dominates over structural 

energy mechanisms. 
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Table 4 offers a summary of the mechanical properties of the materials present 

in the FE model proposed. Elastic properties data for Aluminium 6061 was taken 

from [37]. 

Table 4 Summary of mechanical properties of materials used 

Material Property Value 

Aluminium 6061 

𝜌 𝐸 

𝐸 68.9 𝐺𝑃𝑎 

𝜈 0.33 

𝜉 0.0048 

Glass-epoxy FR-4 

𝜌 1814 𝑘𝑔/𝑚3 

𝐸𝑥 19.42 𝐺𝑃𝑎 

𝐸𝑦 19.42 𝐺𝑃𝑎 

𝐸𝑧 3.42 𝐺𝑃𝑎 

𝜈𝑥𝑦 0.25 

𝜈𝑥𝑧 0.16 

𝜈𝑦𝑧 0.16 

𝐺𝑥𝑦 6.8 𝐺𝑃𝑎 

𝐺𝑥𝑧 1.44 𝐺𝑃𝑎 

𝐺𝑦𝑧 1.44 𝐺𝑃𝑎 

𝜉 0.09 
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5.2.3 Boundary conditions applied 

A major issue during the execution of this model was the lack of boundary 

conditions for a free-flying object vibrating without restrictions, as it is a rather 

unusual use of finite element analysis. 

What is normally done in simulations of spacecraft is constraining them through 

their connection to the launcher vehicle, but this is not interesting for in-flight 

applications of this technology. Techniques for static analysis of free-flying bodies 

have also been developed in order to simulate the lift of aircraft without needing 

to constrain it through the landing gear, but the so-called ‘inertia relief’ technique 

does not work with quickly varying loads  [38]. 

It is not clear how to apply the FEM to non-constrained objects, as the typical 

formulation of this method requires rigid body motions to be restricted. A proposal 

was to place the model in a bed of soft springs, but that solution did not provide 

realistic results during the test runs. 

The final implementation resorted to constraining four corners in a single plane, 

coincident to one of the outer shells representing the solar panels. One of the 

corners has its three displacements restrained, the second corner, following the 

edge of the panel along the main axis of the spacecraft, can move in that same 

axis, but not horizontally or perpendicularly. This creates about which the 

spacecraft can rotate, but not separate from. 

The third and fourth point only opposed displacements normal to the 

aforementioned panel, so as to not allow the rotation, but they do allow free 

expansion of the material. 
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6 Description of simulations and results 

In this section, the simulations ran on the Ansys software will be broadly 

introduced to give the reader an overview of the overall procedure that was 

followed to ultimately obtain the accelerations in all nodes in the structure. 

Four basic simulations will be performed: A preliminary modal analysis for free 

vibration, a harmonic response to the reaction wheel excitation, a transient 

analysis for the hypervelocity impact and a transient analysis corresponding to 

the deployment mechanism. An additional transient simulation of a reaction 

wheel operating will be run for discussion of the initial conditions, but not analysed 

on its own. 

The three inputs will be combined in a fifth, ‘main’ simulation in order to analyse 

their interaction. The results of this justified performing an additional simulation 

with just the reaction wheels and the deployment. 

6.1.1 Modal analysis and considerations on the mesh size 

This type of analysis is independent of any loads placed on the system. Internally, 

the problem to be solved is: 

𝑀Φ̈ + 𝐾Φ = 0  

With 𝑀 and 𝐾 being the mass and stiffness matrices of the structure respectively 

and Φ is a vector containing all the degrees of freedom allowed to the structure. 

It is common practice in vibration analysis to neglect damping when calculating 

the modal shapes. 

The reason to run this analysis is that for full harmonic or transient problems such 

as those encountered later on, classical differential equations theory yields 

solutions of the type: 

Φ(t) = ∑ 𝐴𝑗𝑒𝑖𝜔𝑗𝑡𝜙𝑗

𝑗
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Being 𝐴𝑗 some sort of scale factor, 𝑖 the imaginary unit and 𝑗 an index that may 

in principle be extended from 1 to the amount of degrees of freedom in the 

system. 

The values 𝜔𝑗 and 𝜙𝑗 are respectively know as modal frequencies and modal 

shapes. Mathematically, this problem is known as an eigenvalue and eigenvector 

problem, so modal frequencies may be referred to as eigenfrequencies or natural 

frequencies. 

Computing these types of solution beforehand allows for much more efficient and 

faster solving of other types of linear problems compared to full time integration, 

as well as providing some first insight on the reaction the structure to excitations. 

The main idea behind this is the “principle of superposition”, which broadly states 

that, if the system is linear, the solution to a group of different inputs is a linear 

combination of the individual solutions for those inputs. 

It can be shown that the solution to the differential system above is then to 

calculate eigenfrequencies and corresponding modal shapes. This is done by 

solving the equation: 

(𝐾 − 𝜔2𝑀)𝜙 = 0 

Which is only solvable if: 

det(𝐾 − 𝜔2𝑀) = 0 

As previously mentioned, the amount of eigenfrequencies and modal shapes may 

be as large as the amount of degrees of freedom, but computing all of them is 

not necessary, as the first modes tend to involve more mass and are overall more 

important in the final solution. The number of modes chosen for this analysis was 

50, due to the participation of these first modes being considered as enough after 

inspecting their corresponding modal participation factors. 

The model of the structure was meshed with mesh sizes ranging from 1 to 8 mm 

of characteristic element size in order to find an optimal mesh size. Smaller 

meshes imply higher resolution when the simulation is performed, but it also 
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causes the model to have more degrees of freedom, which increases the 

computing time. 

The simplest optimisation strategy consists of performing a modal analysis of the 

system, the output of which includes the first eigenfrequencies and their 

corresponding modal shapes. The modal shapes are useful for a modal 

superposition solving technique when the loads on the model are applied, so they 

are a fundamental part of the simulation anyway, but in this moment the important 

information is the first modal frequency or first eigenfrequency of the system. 

A coarse mesh tends to ‘stiffen’ the system, which produces a higher value of the 

eigenfrequencies, whilst a finer mesh is more flexible. A first optimization of the 

mesh was carried out by obtaining this first frequency for the mentioned element 

size range and finding a stagnation point at which the frequency only gets 

marginally lower. 

However, as it turned out, the first natural frequency was already quite insensitive 

to changes in the mesh size, as the change within the allowed range was only of 

a few hertz. Finally, an element size of 5 mm was selected as a good compromise 

between having a low first eigenfrequency, related to resolution, and relatively 

low computing time. 

It is important to note that setting the element size does not strictly limit the sizes 

to that value, as the mesh may be automatically distorted by the program to 

accommodate complex shapes. 

The mesh was controlled for several quality parameters to check that is was in 

fact a robust mesh, which roughly speaking means it would not cause numerical 

instabilities and distortion of the solution. 

Figure 7 Quality parameters of the mesh 



Description of simulations and results Víctor Villalba Corbacho 

 

 

48 

 

The highest natural frequency, corresponding to the 50th modal shape, was lower 

than 2 kHz, so its correct sampling can be performed with the computational 

limitations of the model in frequency resolution. Figure 8 plots these first modal 

frequencies. 

 

Figure 8 First fifty natural frequencies of the system 

 

6.1.2 Harmonic response to a spinning reaction wheel 

In this analysis, the reaction wheel is supposed to be spinning with a constant 

speed, and the analysis will be concerned with the steady-state response of the 

structure. 

The equation governing this problem is: 

𝑀Φ̈ + 𝐶Φ̇ + 𝐾Φ = 𝐹(𝑡) 

𝐹(𝑡) is a vector containing the time-varying forces applied at each degree of 

freedom of the structure.  Note that in this problem the viscous damping matrix 

does appear as part of the system. 

Since, theoretically, the problem extends “forever” in time with the same 

conditions, it is more interesting to perform all the features analysis in the 

frequency domain. 

In order to have a global idea of what is happening in the structure, ten relevant 

nodes were selected in the finite element model. Spectra of the acceleration 
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perpendicular to the local shell were extracted directly from the output of the 

Ansys software. 

These points were selected in points of the structure which are likely to present 

particular features, without regard to the practical possibility of actually accessing 

it to place an accelerometer. 

 Point 1 is located near the aperture in the front plate through which the 

spectrometer takes images, this was considered a potentially interesting 

point because this kind of aperture acts as a stress concentrator and so it 

may amplify the amplitudes encountered. 

 The same is true about point 2, located near the aperture through which 

the ADCS acquisition subsystem operates. 

 Point 3  is located in the reinforced side panel. 

 Point 4 is on the same plate as the deployable mechanism, so as to better 

pick up the jitter it generates. 

 Point 5 is in turn placed in the plate on which the reaction wheel is. 

 Point 6 would monitor the plate the payload is fixed to. 

 Point 7 is in the front panel, close to the deployment platform 

 Point 8 was placed at the reinforced side panel to the back. 

 Point 9 in the front reinforced plate, away from stress concentrators. 

 Finally, point 10 is placed on top of where the solar panels would be 

placed, on the same side where the hypervelocity impact will be applied. 

Figure 9 Different views of the model with highlighted data points 
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For practical purposes that will be explored later, the most important of these 

will be points 4 and 10, as they will be used as reference for comparison in 

transient simulations, because they are the closest to the targets of the 

monitoring system. Another important point to have in mind is point 5, due to the 

amplitudes later observed in the harmonic analysis. 

Figure 10 shows the results of the harmonic analysis in Bode diagram form for 

Point 5 under a reaction wheel excitation as described in section 4.2.1, results for 

the rest of the examined points may be found in Appendix B, as they are very 

similar with lower amplitudes. 

 

Figure 10 Bode diagrams of results of a harmonic analysis at point 5, RW spinning 

at 1500 rpm 

The main difference between all these spectra is the global magnitude of the 

amplitude. The main harmonic corresponding to the spinning speed, which 

appears, as mentioned in section 4.2.1, shifted respect to the actual spinning 
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speed, but in the same frequency as it appears in the input. Response phase 

appears to be random, just as the input phase spectrum was. 

The results for a 2400 rpm spinning speed may be considered more interesting, 

as they present important differences respect to the 1500 rpm situation.  

 

Figure 11 Bode diagram for harmonic analysis under 2400 rpm reaction wheel 

speed 

Although the phase remains random, the amplitude has increased considerably, 

and different harmonics may be distinguished, which may open up possibilities to 

monitor the condition of the wheel and fulfil one of the potential objectives of the 

system proposed in this work. Appendix B may again be consulted for the spectra 

of the remaining points. 

This indicates that, in principle, the reaction wheel spinning could be monitored 

with the proposed technique, as long as the sensor is able to pick up the 

vibrations corresponding to this harmonic. As the amplitudes are very small at 

slow speed, the precision requirement for the data acquisition system is very 

demanding if intended to operate in the full operational range of the wheel. 

In fact, for the slower spinning speed, only vibrations picked up at point 5, which 

corresponds to the plate on which the reaction wheel is installed, are likely to be 

accurately sampled with an accelerometer that is not very finely tuned to detect 

vibrations in the order of tens of nano-g. 
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Higher harmonics, which may contain information about potential faults in the 

operation, seem to diffuse too much for clear discerning, but a more thorough 

case study would need to be performed to be sure about whether or not it would 

be possible to monitor the condition of the wheel and not only its nominal speed, 

which in turn may also present shifts in the lower frequencies. 

6.1.3 Transient response to a reaction wheel spinning 

This simulation was not part of the main analysis of the system and was carried 

out as a way to take into account the effect of initial conditions on the full transient 

analysis to be carried out later, since we are interested in the situation in which 

the spacecraft is hit during normal operation and, broadly speaking, “something” 

happens to it, so we want the reaction wheel to reach fully stationary conditions 

before introducing any one-time event. 

Also, since it is highly improbable that a hypervelocity impact occurs just as the 

drag sail is being deployed, it may also be interesting to examine the time it takes 

for the structure to dampen  these events. 

The methodology followed in this step consisted on extracting the acceleration 

time histories for randomly selected points and visually inspecting them until it is 

possible to see patterns repeating themselves in the time domain. 

This procedure provided an estimation of the rising time after which the initial 

conditions effect may be neglected in the order of 0.8 seconds. 

6.1.4 Transient response to deployment of a drag sail 

For this simulation, the influence of initial conditions is ignored, so the structure 

is assumed to be perfectly still initially. Like any full transient analysis, the problem 

to solve is of the type: 

𝑀Φ̈ + 𝐶Φ̇ + 𝐾Φ = 𝐹(𝑡) 

Φ = Φ0, Φ̇ = Φ̇0, Φ̈ = Φ̈0 
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With initial conditions in this case being null vectors in this particular case, which 

makes this a distinct problem from that of a harmonic analysis. 

The reference point in this case will be Point 4, which is located in the plate the 

deployable mechanism would be fixed to. The time history at this point is 

displayed in Figure 12. 

 

Figure 12 Time history of accelerations at point 4 for a deployment 

The first thing to note is that after the deployment, amplitudes settle to zero very 

quickly, which may be better visualised in the frequency spectrum shown in 

Figure 13: 
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Figure 13 Acceleration spectrum under deployment load at point 4 

Note that there are in fact frequency components above the 2000 Hz threshold 

set with the application of the Butterworth filter in section 4.2.2. This is caused by 

the fact that this filter is not ideal, as ideal filters are only implementable in theory. 

These frequency components are, however, negligible for the aims of this study. 

Another interesting fact is that very low frequencies almost do not appear, a 

phenomenon that was already present in the input. This will be immediately 

relevant when discussing the transmissibility function. 

A possible strategy for implementation is an anomaly detection strategy, as 

commented in section 1, so having this spectrum, any other detected spectrum 

that is not within a certain tolerance would be detected as a non-nominal 

deployment. If failure mechanisms have been previously identified and 

characterised, it may be possible to catalogue them and compare them to check 

whether the deployment has been successful or not. 
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Another question is what happens to the rest of the points in the structure. In 

principle, and within the relevant frequency interval, the first instinct would be that 

amplitudes would be lower, as they are further away from the source. The results 

however, indicate a slightly more complex situation, as different points present 

amplification and damping in different frequency ranges. 

The question for the purposes of this thesis is not so much modelling how the 

loads affect the structure at given points, but rather have a criterion to know where 

it would be best to place a sensor to maximise the information that can be 

obtained from its response. A ‘transmissibility function’ will be defined as a ratio 

between the response at one point, and that of another point which acts as 

reference.  

Strictly speaking, this is not a transmissibility function, as these are usually 

defined as the ratio between the response of the structure at a certain point and 

the input that it experiences, but it will be referred to as transmissibility function 

for the purposes of this work. 

This transmissibility function at point 𝑖 was defined as: 

𝑌𝑖(𝜔) =
𝐴𝑖(𝜔)

𝐴𝑟𝑒𝑓 (𝜔)
 

With 𝐴𝑖 being the acceleration spectrum at point 𝑖 and 𝐴𝑟𝑒𝑓 the acceleration 

spectrum at a defined reference point. In this section, that reference point is point 

4, which is located in the supporting plate of the deployment mechanism. 

An example of the ‘filtering’ behaviour of the structure is provided by  
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Figure 14 Transmissibility of point 2 during deployment 

The main energy content in the point 4 reference seems to be contained in the 

300-2000 Hz range, and some measure of amplification can be seen close to 

1700 Hz, alongside with a big amplification in the 300 Hz neighbourhood. 

Figure 17 shows the transmissibility functions for all the points except point 4, 

which is constant and equal to 1 by definition. The background has been painted 

black for better contrast. 
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Points 9 and 10 are particularly interesting for opposite reasons. Figure 18 shows 

their two transmissibility functions. 

 

 

 

Point 9 seems to strongly dampen all frequencies, so it would be an unlikely 

candidate for placement of a monitoring system. 

0 500 1000 1500 2000 2500 3000
0

5

10

15

20

25

30

f (Hz)

A
i/A

re
f

Transmissibility functions

 

 

Point 1

Point 2

Point 3

Point 5

Point 6

Point 7

Point 8

Point 9

Point 10

Figure 15 Different transmissibility functions under deployable mechanism vibration 
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Figure 16 Transmissibility functions for points 9 and 10 under deployable mechanism 

load 
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On the other hand, point 10 presents amplification throughout most of the 

frequency range, even though it is further from the source than the reference, 

which could potentially make it a good location to put the monitoring system. This 

statement however, must be interpreted cautiously, because if the structure also 

amplifies disturbances at that point due to other noise sources, it could still render 

a sensor places at this location useless. 

6.1.5 Transient simulation of a hypervelocity impact 

The hypervelocity impact, as simulated in this study, happens under the same 

condition as the deployment mechanism, the structure is in its non-deformed 

state and a short pulse happens. The chosen reference point in this case was 

point 10, due to its proximity to the selected impact point. 

The time history for this point is plotted in Figure 12: 

 

Figure 17 Time history at point 10 after impact 
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In this case the amplitudes observed are much higher than in previous 

simulations, which was to be expected due to the extreme energy involved, but 

they do appear to settle down to the order of magnitude of the other sources 

examined after roughly 0.8 seconds, though this is not apparent in the figure. 

The reference spectrum, corresponding to point 10, are plotted in figure  

 

Figure 18 Frequency spectrum at point 10 under hypervelocity impact conditions 

And the transmissibility function is shown in Figure 19: 
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Figure 19 Transmissibility functions under hypervelocity impact 

This functions shows large amplifications, especially at 400.4 and 1089 Hz. An 

interesting fact is that these peaks of amplification are common for several points 

at once, and do not appear close to the natural frequencies of the system. 

Due to the large uncertainty on the modelling of the impact, it is probable that the 

mechanism which justifies this amplification is associated with the time interval 

applied as the input, which is not an ideal Dirac Delta distribution. 

Still, though amplifications at certain frequencies may be very high, overall 

amplitudes of the spectra are not several orders of magnitude apart, as evidenced 

by the spectrum at point 5, which presents the highest amplification in the 

transmissibility function plot. 
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Figure 20 Acceleration spectrum of Point 5 under hypervelocity impact 

The implications of such high amplitudes centred is very likely to be immediate 

saturation and likely damage to accelerometers put in place, which may be 

actually good enough if the only objective is to detect the impact. This point will 

be more carefully considered in section 8.  

There is also reasonable doubts regarding the origin of the spectrum shapes, as 

they might be dependent on the implementation of the hypervelocity impact. 

Future work in explicit dynamics simulations or an experiment would greatly help 

clarifying this point. 

In order to confirm the dependency of the frequency spectrum on the application 

of the load, a second hypervelocity impact was modelled with a slightly smaller 
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In order to adapt the simulation to how it is going to be carried out in the next 

section for a full run, the impact happens one second after the simulation starts 

running. Even though the models have distinctly different outcomes, both of them 

seem equally valid or invalid, which highlights the need for a much more precise 

modelling of this type of impact than this project allows for. 

Figure 23 shows the results of this latter simulation, which present lower 

amplitudes, a shift in the peaks of the frequency domain, and much greater phase 

shifting.  

 

6.1.6 Full-run simulation 

This simulation is intended to take a look at the actual behaviour of the structure 

when the different loads are applied all together. This will be a test to see if it is 

possible to discriminate at least these vibration sources and extract some 

information about what is the system’s status. 
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Figure 21 Time and frequency domain responses for a hypervelocity impact with altered 

parameters 
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The results of previous simulations suggest that the hypervelocity impact will 

dominate in practically all the frequency spectrum, so that no useful information 

about other systems could be acquired until the system recovers. 

The set-up of this full simulation considers the following sequence of loads: 

 The reaction wheel spins at 1500 rpm constantly since the beginning of 

the simulation and until its end. 

 When 𝑡 = 1 𝑠, that is, after the RWA vibrations have become stationary as 

discussed in section 6.1.3, the impact occurs as detailed in section 6.1.5. 

 When 𝑡 = 1.5 𝑠, the drag sail deploys too, and the simulation keeps 

running until 𝑡 = 3 𝑠. 

Point 5 will be selected for reference due to its maximum response to the reaction 

wheel. The fact that the reaction wheel is so weak compared to the impact makes 

it very hard to see in all other points. 

The results in the time domain at are shown in Figure 22, and results for the 

frequency domain are found in Figure 23, results of the simulation carried out with 

only a hypervelocity impact input are plotted for comparison purposes: 
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Figure 22 Time-domain results of the full run and the impact at point 5 

 

Figure 23 Results of the full run and impact in frequency domain at point 10 
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The results show that once the impact happens, neither the deployment nor the 

reaction wheels are visible either in the frequency or the time domain, due to the 

large difference in amplitudes. 

Transmissibility functions are therefore indistinguishable from those in the 

previous subsection. 

6.1.7 Deployment during reaction wheel operation 

Seeing the complete dominance of the hypervelocity impact in the whole 

frequency spectrum, there is an interest to evaluate what would happen if the 

deployable drag sail deployed normally. 

The results show a strong dominance of the deployment mechanism vibration on 

all points except point 5, in which some features corresponding to reaction wheel 

operation can be distinguished, as shown in  

 

Figure 24 Time history of acceleration at point 5 with RWA operation and 

deployment 
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Figure 25 Spectrum corresponding to both deployment and RWA operation 

The lowest frequency peaks correspond to reaction wheel harmonics, though 

these are very high and their ability to monitor the wheel’s condition is not clear 

at the moment. 

Figure 26 shows the spectra corresponding to points 4 and 5, that is, measuring 

respectively on the deployment mechanism’s shell and in the reaction wheel’s 

middle plate. The deployment appears very prominently in both spectra, but the 

reaction wheel higher harmonics appear only close to point 4. 

This clearly supports the hypothesis that monitoring different systems with a 

specialised network of sensors, each close to the source they are intended to 

monitor, may be an effective strategy. 
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Figure 26 Acceleration spectra for points 4 and 5 under deployment and RWA 

operation conditions 

 

 

7 Requirements for the data acquisition system 

There are many potential technologies that may be able to fulfil the role of a data 

acquisition system, and covering all of them in terms of their physical principles 

and perform a detailed trade off to select one of them is not within the boundaries 

of this project. 

However, it is possible to take a more focused approach by using the data 

extracted from the simulations performed, alongside general knowledge of the 

space environment, to derive some requirements that the monitoring system 

would need to meet in order to successfully operate, as well as describing 

potential sources of currently existing technologies which may meet them. 
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These requirements may be made more or less strict due to the scale of the 

spacecraft. 

7.1 Amplitude resolution and frequency range 

Specifications of commercial accelerometers usually provide a range of 

acceleration amplitudes and frequencies over which their measurements are 

valid. These ranges are limited by several factors, one of which is the resonant 

frequency of the accelerometer itself, as approaching it makes the response 

highly non-linear.  

The results show, within the limitations of the study, that in order to monitor very 

small vibrations, such as those produced by well-balanced reaction wheels, the 

system would need to be able to quantify them. This indicates that a relatively 

small range of amplitudes would be best, but that would mean the sensor would 

reach saturation very quickly when larger vibrations occur, thus negating its ability 

to provide useful information about these. 

As the sensors are analogue in nature, the limitation to the resolution of its output 

is mostly determined by the ability of the Analogue to Digital Converter (ADC) to 

quantify different levels of acceleration. 

In order to resolve a 10 𝜇𝑔 vibration with an accelerometer able to work in the 

±10 𝑔 acceleration range, the sensor and its signal processing system must have 

a resolution given by the formula: 

𝑎𝑚𝑖𝑛 =
𝑎𝑚𝑎𝑥+ − 𝑎𝑚𝑎𝑥−

2𝑛
 

With 𝑛 being the amount of bits to be allocated by the ADC. Solving for 𝑛: 

𝑛 = log2

𝑎𝑚𝑎𝑥+ − 𝑎𝑚𝑎𝑥−

𝑎𝑚𝑖𝑛
 

Which in this example would be: 

𝑛 = log2

10 − (−10)

10−5
= 21 𝑏𝑖𝑡𝑠 
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Defining the adequate amplitude range and resolution is therefore very important 

to design the signal conditioning electronics needed. It may not be worth 

implementing a very precise system with a wide amplitude range if it is only going 

to measure very small vibrations for most of its lifetime. 

However, as far as the accelerometers itself is concerned, it only needs to be 

rated to withstand the accelerations without being damaged and be linear enough 

so that its output can be trusted. Restrictions imposed to the maximum detectable 

frequency imposed by resonance of the sensor are usually much stricter than 

those imposed by the sampling frequency of the ADC, so this may be considered 

a minor concern. 

7.2 Shock rating 

Accelerometers mounted on board of space systems need to survive shocks that 

may exceed their measuring capabilities. Such is the case of vibro-acoustic loads 

generated by the launch vehicle or, as observed in previous sections, 

hypervelocity impact.  

For a given commercial accelerometer, most manufacturers already provide the 

maximum peak-to-peak shock it can withstand, so once this requirement is 

defined, it is easy to discard those that do not meet it.  

In order to define these requirements, one may simply use the vibration and 

acoustic testing standard procedure that the full spacecraft will need to undergo 

in order to become flight-qualified. The Airbus-led microMEDY project, in 

collaboration with Cranfield University, included in its statement shock figures in 

the order of 1000 g’s of expected acceleration.  

Specific accelerometers designed to operate during powerful shock events, such 

as those used to measure the effect of explosives or ballistic impact would be 

almost certain to meet the shock survivability criteria for space applications, but 

the fact that they have to operate at very high acceleration levels is very likely to 

affect their operative capabilities to measure very small vibrations as per the 

discussion of section 7.1. 
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7.3 Effect of the space environment 

Off-the-shelf equipment that may survive very harsh conditions on Earth may still 

not be fully suited to the space environment. The three main characteristics, other 

than space debris, that may be encountered in flight and are relevant to the 

sensors are microgravity, the radiation environment and high vacuum. 

In principle, microgravity should not be an issue, as gravity tends to introduce just 

a constant stress under any material due to its own weight, which is not time-

varying and thus cannot be detected with an accelerometer. Very precise 

calibration of the equipment would still need to be carried out, so in case that is 

not achievable in flight, a ground calibration procedure remains a necessity [39]. 

What is more obviously threatening is the radiation environment encountered 

outside of the atmosphere. Spacecraft sheath charging may create strong electric 

fields which may interact with the sensors, and electrostatic discharges [40]. 

Some of the physical principles on which accelerometers are based, such as the 

piezoelectric effect, may be reversible, which means that electric interaction does 

not only introduce noise in the electric signal, but also makes the transducer 

vibrate and introduce unexpected noise in the structure. 

Another danger of the space environment is the cumulative radiation dose which 

spacecraft receive constantly. Equipment operating at the altitude of the Van 

Allen radiation belts or above is constantly bombarded by ionising radiation which 

causes single event upsets and long-term degradation of electronic equipment. 

It follows that the accelerometer to be used in these applications needs to be able 

to withstand this radiation environment maintaining its performance. 

Figure 27 shows an estimate of the expected annual absorbed radiation dose as 

a function of orbital altitude. 
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Figure 27 Annual radiation dose in circular equatorial orbits by altitude [41] 

Depending on the orbit and the thermal management subsystem, spacecraft may 

also encounter strong variations in the incoming heat flux as discussed in section 

3.2.6, so depending on the internal temperature distribution of the system, the 

accelerometer may need to be rated for high or low temperatures as well. 

Strong candidates to satisfying these two latter requirements are sensors with 

technological heritage from the nuclear power industry, which are rated for both 

high temperature and high radiation operations. 

High vacuum can also be a threat if the case of the accelerometer, which is not 

manufactured in vacuum, is sealed and does not allow for whatever gasses are 

inside to freely leave it as the launcher leaves the atmosphere. A very strong 

pressure differential could potentially lead to a violent decompression and 

potentially destruction of the device. 
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7.4 Integration in mass, power and computing budgets 

As of now, the evidence on state of this technique does not guarantee that it will 

become widespread in the industry, but it stands to reason that the economic and 

technical impact of this sensor network must be as small as possible. This way, 

if benefits can indeed be obtained from its use, designers of future missions will 

have little reason not to implement it. 

Like with any aerospace equipment, it is desirable that these sensors are as light 

as possible, which for this technology usually correlates negatively with sensor 

sensitivity. Therefore, a trade-off must be performed to compare the required 

performance to the mass of the sensor.  

In the introduction section, the possibility to use energy-harvesting techniques to 

power this system. Though this is unlikely to be enough, an impact reduction may 

be achievable. 

Most of the weight and power requirements may be tied to cabling and the 

computing power needed to process the data. Higher acquisition frequencies 

would yield higher accuracies, but the signal processing necessary also becomes 

more expensive, which draws from the computing budget, and this in turn drives 

mass, power and costs up, due to the need for a larger or an altogether new 

processing unit. 

Therefore, it is of imperative to check that the computing requirements of the 

system are minimal, but how to do so is outside of the scope of this project. 
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8 Conclusions and case for acoustic monitoring in 

spacecraft 

The results obtained seem to indicate that there may be a potential benefit to 

using this technique, with some limitations.  

The jitter environment has proven to be very diverse in terms of frequency ranges 

and amplitudes, and the sensing technology is not at a level in which a lightweight 

sensor placed at a given point can monitor very different sources and discriminate 

them, because some sources may be orders of magnitude apart in terms on 

amplitude. 

However, more specialised monitoring can indeed be carried out, as long as the 

sensor is isolated from sources which involve much higher energies. The case of 

the hypervelocity impact is paradigmatic of this, as it dominates all frequency 

bands at all points. This may not be the case for a more detailed model of the 

impact, or for larger spacecraft, which would potentially impose less restrictions 

on the proposed technology. Another possibility for discrimination comes from the 

fact that these high-energy events are very short occurrences in time, so a 

software implementation could include the possibility of eliminating them and 

monitor just normal operation most of the time. 

An accelerometer could then be placed close to the target system, or in a region 

of the spacecraft which tends to amplify its particular vibration while damping 

others. The positioning strategy remains strongly system-dependent and would 

need to be tailored for each mission. 

The danger of interferences, however, remains in the rest of the vibration sources 

which were considered but not implemented in the model proposed, as there is 

currently no data on what the impact of these sources will be compared to those 

present in this analysis. If this monitoring system was trusted to exclusively 

characterise a subsystem, these interferences could potentially throw a 

subsystem out of control. 
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A possible strategy is tailoring the sensors to their specific monitoring, which due 

to the aforementioned limitation would be limited to specific subsystems, and 

ensuring that they only become saturated under very specific conditions, such as 

when an impact happens. This way, when those sensors do reach saturation, the 

impact would be registered, although with little information about its 

characteristics. Even placing sensors very close to the sources, however, does 

not guarantee that they would be able to perform in exceptional cases, such as 

creaking of the structure or firing of thrusters. 

A logical feature of such a system may be to ignore subsets of data generated 

during events that are already known. Firing of an engine would also be a 

paradigmatic example, as it is a very high-energy input, but in this case the 

system can know when it is going to happen so as to not confuse it with an impact. 

A specialised shock-grade accelerometer network could also be attached to the 

outer shell of a spacecraft and gather more data from the corresponding shock 

response spectrum. This application has the potential to only generate data when 

these sensors reach a certain threshold of acceleration, but there would be need 

for data storage and processing power. Judging whether or not this concept 

would be worth the resources is difficult at this stage.  

The concept as a whole seems to become more favourable as the spacecraft to 

be monitored becomes larger, because a larger system may have more diverse 

sources, but their energy content becomes more spread out, so installing sensors 

close to one source and far away from another would improve the transmission. 

Larger systems also tend to be more complex though, and noise sources may 

not be necessarily be apart, so this conclusion is not well established at the 

moment. 
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9 Further proposed studies  

If the technique of vibration monitoring is going to move forward, there are some 

immediate studies that would need to be performed. The conclusions of this work 

seem to be favourable to continuing work on the project, but as discussed in the 

introduction, from this to a flight-qualified system to be flown in a real mission, 

there are many problems that may render the concept impractical. 

These are some immediate studies that could not be taken into consideration. 

9.1 Modelling of damage 

Space structures may be damaged during manufacturing, testing, transportation 

or launch. In the aerospace industry, non-conformities are examined under 

criteria that determine whether or not the damage poses a danger to the mission, 

and the engineers make a decision on whether the part needs to be replaced, or 

it will serve its purpose anyway. 

This type of problem may, however, affect the reliability of the monitoring system, 

as cracks tend to modify the stiffness and damping properties of the structure 

respect to the nominal ones used in modelling. Crack propagation may also 

generate its own acoustic emissions and create new frequency components due 

to their different stiffness in tension and compression. 

Studying the effect of these disturbances was not possible during the execution 

of this project, but it was identified as a credible threat to the operational 

effectiveness of the system. 

The study would involve introducing cracks in points of the structure which are 

likely to be damaged, and then studying the response when compared to a 

nominal, linear elastic structural model. 

9.2 Explicit dynamics and shock propagation 

It has been noted that the available model for hypervelocity impacts is particularly 

imprecise, so there is a lot of uncertainty surrounding the results related to them. 
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These impacts may be more accurately modelled with other tools that could not 

be explored and made compatible with the structural model built.  

From the literature on this type of impact, it is also known that they should affect 

the structure in a much wider frequency range than explored in this project so far, 

and also cause phenomena that are not captured with classical vibration theory, 

such as transient shockwaves due to exceeding the speed of sound in the 

material. This also implies that the frequency range needed to study this and 

other effects needs to be expanded to cover much higher frequencies. 

The assumption made in section 4.2.3 that the structure remains pristine after the 

impact is also quite idealistic, and would get worse the higher the energy and the 

smaller the whole structure, so the results are expected to deviate a lot from a 

real-life situation. 

9.3 Experimental characterisation of vibrations 

The assumptions made to model the vibration sources in this paper are only 

reasonable considering the resources allocated to the project. It is clear that all 

the models present a lot of uncertainty which could be solved by obtaining a real 

structure and subject it to several experiments. 

The advantage that numerical modelling possesses over this approach are 

flexibility and cost, but experiments will need to be performed at some point if the 

system is meant to be flown.  

Since most of the noise sources listed are in principle rather “mild”, excluding 

hypervelocity impacts and cracking, the same structure could be subjected to a 

wide range of tests, provided that the conditions to be encountered in-flight. 

Another problem is that some information about the sources does not seem to 

have been considered as relevant for the scientific community. Jitter data on 

electric propulsion systems, as discussed in section 3.1.2 is very likely to exist, 

but has not reached the public domain, or it has not been found. 
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Bringing this matter to the attention of people working on that field and maybe 

others may be an easy way to obtain more data to input in future numerical 

simulations. 

9.4 Introducing more noise sources 

Distinguishing different noise sources has proved not to be easy, and adding 

more of them will not apparently solve this problem. However, the down-selection 

performed here may have been too lenient in neglecting the difference in energy 

between the different events, which may not happen with another subset of 

sources.  

In any case, it is clear that in order for this system to work, all the potential 

sources, including those that are not of any interest, must be accounted for to 

prevent clutter from being misunderstood as relevant information when the 

system becomes automated. This means that the tests, either practical or 

numerical, must be performed at some point. 

The hypervelocity impact is a very exceptional event, in terms of its energy and 

wide frequency content, and the system may be able to ‘know’ when a 

deployment is supposed to happen, so the original trade-off in section 4.1 can be 

now criticised for not including enough considerations about how the system 

would actually be automated and whether or not useful information can be 

obtained. 

9.5 Statistical methods 

The approach taken in this paper assumes that for every input there is a single 

output in terms of accelerations, but this is a very optimistic analysis of the 

situation. Even with better models for both the structure and the loads, there is 

uncertainty in many aspects when translating the results to a real structure, as 

signals may not be fully stationary, the material may have specific defects, or the 

spacecraft may be built according to certain tolerances. 
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All these uncertainties add up and pose a danger to model precision. In practice, 

creating a perfect model of a physical situation is all but impossible, so both inputs 

and structure must have some parameters which are allowed to vary in a certain 

range so as to account for that.  

Statistical tools which are not part of this project are needed to account for these 

variations, but their concepts and implementation have not been considered. 

9.6 Microphones in high vacuum 

As missions of planetary explorations become more common, there is a higher 

chance that they mount traditional acoustic microphones, based on a variety of 

technologies. The most typical difference between an accelerometer and what is 

usually understood as a microphone is the presence of either a seismic mass or 

a diaphragm as illustrated in Figure 28: 

 

Figure 28 General construction of piezoelectric force sensor, pressure sensor and 

accelerometer. Adapted from [42]. 

With a pressure sensor being equivalent to a microphone in principle, although 

the microphone’s actual implementation may vary a lot in configuration.  

Each type of sensing element is designed to respond to one type of excitation, in 

this case force, pressure or acceleration, but they are inherently sensitive to the 

others, so a correction is used to minimise these other undesired responses [42]. 
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The idea to use these microphones, which would already be part of the payload, 

outside of a planet’s atmosphere to perform condition monitoring during the space 

flight comes from the fact that these microphones will be somehow mechanically 

coupled to the spacecraft structure, and will thus suffer some acceleration due to 

the jitter environment on-board. 

This idea is backed by the basic mechanics of how the movement is transmitted 

within a solid body, but the literature search did not produce any results for the 

utilisation of microphones in high-vacuum environment, because they are not 

originally designed for it. 

A simple way to have an idea about whether or not this non-traditional mode of 

operation would produce any useful outcome would be to test a microphone 

coupled to a vibrating structure in a high-vacuum environment. From the results, 

a preliminary lower threshold for the intensity of vibrations that would show in the 

output could be obtained. 
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APPENDICES 

A.1 Appendix A: Literature survey methodology 

The aim of the present section is to lay out the system used to look for relevant 

information in the scientific literature. Due to the multidisciplinary nature of this 

project, particularly in what refers to section 3, and the more specialised nature 

of peer reviewed material, the task of separating useful results from those 

immediately irrelevant is not free from interpretation. This appendix intends to 

clarify what exactly was done, so that the reader may develop a critical evaluation 

of the method, and also list some ‘lessons learnt’ about what was done poorly. 

For any given topic, there is usually a lot of information that is in fact related to 

what is being sought, but not relevant for the objectives of this research. The 

relationship between the broad field of research and a specific, relevant sub-set 

is usually through the use of key words which may not be known at first. An 

example of this is, when looking for methods to constrain a free-flying object’s 

finite element model, the key word was ‘inertia relief’, which refers to a specialised 

technique within the field of finite element analysis. 

Adapting to the specific conventions of specific fields without previous in-depth 

knowledge of the field is a difficult, so a first sweep was performed to find at least 

one paper containing something relevant, and use it to expand the searching 

vocabulary, or check its citations for articles which seemed pertinent. 

The main database used for this task was Scopus. The search algorithm 

consisted of trying first some words, specific to a given field, with some globally 

relevant words such as ‘vibration’, ‘monitoring’, ‘acoustics’, ‘condition monitoring’ 

or ‘structural health monitoring’. The hits were visually inspected as arranged by 

‘Relevance’ according to the Scopus search engine. Once some promising 

source was found, a first reading of it provided either new key words for a future, 

more specific search, or valuable input for the thesis. 

If there was not enough information in Scopus to satisfy the needs of the project, 

the search was taken to the Google Scholar database, which in principle may 
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provide different results. If the result of both databases are similar, then the 

search may have been exhausted, otherwise, new information may be found. 

However, Google Scholar did present a stronger tendency to introduce unrelated 

results. 

For some other topics, specific of space engineering and which were considered 

likely to be somewhat standard knowledge, the NASA Technical Reports Server 

database was also subject to investigation. Some other commonly known data, 

such as mechanical properties of aluminium, could just be found in regular 

Google, although the specific website had to be reasonably trustworthy. 

In section 7, datasheets of commercial accelerometers from well-known 

manufacturers were identified as interesting material for a better understanding 

of what a state-of-the-art sensor would be capable of, and maybe more 

importantly, what it would not be capable of. Datasheets for lightweight 

commercial accelerometers produced by PCB Piezotronics and Kistler were 

examined under the implicit assumption that their competition would not be 

radically ahead in terms of technology. 

Admittedly, the typical textbook literature was not well-revised due to the difficulty 

to find specific information in a source that is very extensive in its description of 

one particular problem. It is currently unknown how the project could have 

changed significantly with a more thorough use of this type of source. 

A.2 Appendix B: Remaining results of the Harmonic Analysis 

under the influence of the reaction wheel 

The results presented in appendices B and C are intended to demonstrate to the 

reader the response at the points pre-selected on the structure, as a way for 

seeing what happens in regions which were not explicitly referred to in the main 

document. 

Results for impact and full run were not included in either appendix due to the 

relevant differences already being part of the main discussion of the document, 

so as to avoid making this part of the text into a ‘dump’ of irrelevant figures. 
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Results for a reaction wheel spinning at 1500 rpm. 

 

 

 



Appendix Víctor Villalba Corbacho 

 

 

94 

 

 

 

 



Appendix Víctor Villalba Corbacho 

 

 

95 

 

 

 

 

Reaction wheel spinning at 2400 rpm 
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A.3 Appendix C: Results of deployment 

Frequency spectra: 



Appendix Víctor Villalba Corbacho 

 

 

99 

 

 

 

0 500 1000 1500 2000 2500 3000
0

5

10

15

20
Single-Sided Acceleration Spectrum (Point 1)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)

0 500 1000 1500 2000 2500 3000
0

5

10

15
Single-Sided Acceleration Spectrum (Point 2)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)



Appendix Víctor Villalba Corbacho 

 

 

100 

 

 

 

0 500 1000 1500 2000 2500 3000
0

50

100

150
Single-Sided Acceleration Spectrum (Point 3)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)

0 500 1000 1500 2000 2500 3000
0

50

100

150
Single-Sided Acceleration Spectrum (Point 3)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)



Appendix Víctor Villalba Corbacho 

 

 

101 

 

 

 

0 500 1000 1500 2000 2500 3000
0

50

100

150

200
Single-Sided Acceleration Spectrum (Point 5)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)

0 500 1000 1500 2000 2500 3000
0

50

100

150
Single-Sided Acceleration Spectrum (Point 6)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)



Appendix Víctor Villalba Corbacho 

 

 

102 

 

 

 

0 500 1000 1500 2000 2500 3000
0

5

10

15

20
Single-Sided Acceleration Spectrum (Point 7)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)

0 500 1000 1500 2000 2500 3000
0

5

10

15

20
Single-Sided Acceleration Spectrum (Point 7)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)



Appendix Víctor Villalba Corbacho 

 

 

103 

 

 

 

0 500 1000 1500 2000 2500 3000
0

2

4

6
Single-Sided Acceleration Spectrum (Point 8)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)

0 500 1000 1500 2000 2500 3000
0

2

4

6
Single-Sided Acceleration Spectrum (Point 9)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)



Appendix Víctor Villalba Corbacho 

 

 

104 

 

 

0 500 1000 1500 2000 2500 3000
0

100

200

300
Single-Sided Acceleration Spectrum (Point 10)

f (Hz)

A
c
c
e
le

ra
ti
o
n
 [

m
/s

2
]

0 500 1000 1500 2000 2500 3000
-100

-50

0

50

100

f (Hz)

P
h
a
s
e
 (

º)


