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Abstract

Structural and thermal analysis of the Optical Reference Calibration Satellite (ORCASat), a
2U CubeSat. The goal is to demonstrate that the spacecraft fulfills the mechanical and thermal
requirements during launch and orbital conditions. On the structural level, it is verified if the satellite’s
fundamental frequency remains above 90 Hz and if its main structure handles a load of 1200 N along
the longitudinal axis. Siemens NX Nastran is used for both vibration and linear static analysis.
Solutions are proposed when the requirements are not fulfilled. The numerical data is compared with
the results obtained by two experimental tests - a shaker test performed at the University of Victoria
and an impact test performed at the National Research Council. After an improvement involving
the density of the material Aluminum 6061, the FEM model representing the spacecraft’s external
structure is validated. On the thermal level, the components’ thermal cycles are studied to verify if the
ORCASat operates between the safe temperature range in the defined orbit. The solver Siemens NX
Space Systems Thermal is used in this analysis. Boundary conditions such as Radiation Simulation
Object, Heat Loads and Orbital Heating are described and established. Simplifications in the solution
details are suggested. Two opposite cases are analysed — hot and cold case — where a passive thermal
control system is developed to maintain the ORCASat between its operational temperatures. It is
proven that this satellite can maintain its structural integrity after launch and survive the space
environment, being operational during its lifetime.
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Analysis; Thermal Control System

1. Introduction

Satellites surround us and have an active role in
our quotidian with different purposes like military
(e.g. espionage), scientific (e.g. meteorology) or
commercial (e.g. telecommunications). To better
understand the universe, more accurate instruments
are needed. Orbital measurements done by satel-
lites cover wider areas and show more precise re-
sults than the data obtained by ground-stations on
Earth or even airborne observations because the at-
mosphere interference is lower or null.

The Optical Reference Calibration Satellite (OR-
CASat) is a nanosatellite being developed through
a combined effort of three western Canadian uni-
versities — University of Victoria (UVic), Simon
Fraser University (SFU) and University of British
Columbia (UBC) - with the collaboration of the
Canadian Space Agency (CSA). It is part of a con-
test named Canadian CubeSat Project and shall be
launched from the International Space Station in
the final quarter of 2021.

Nanosatellites have a mass varying from 1 to 10
kg and the dimensions are very small when com-

pared to other groups of satellites [7]. Since they
can be launched as secondary payloads, the devel-
opment period is shorter and, nowadays, is possible
to fit more complex instruments in less space, these
nanosatellites start gaining importance as great sci-
ence advances could be made at lower cost [10].
The ORCASat adopts a CubeSat configuration and
is composed by 2 units, with the dimensions of
10x10x22.7 ¢m and a maximum mass of 3.6 kg.
The spacecraft shall provide a reference light source
in Low Earth Orbit (LEO) to test a novel methodol-
ogy for calibrating ground-based optical telescopes
and shall supply the Canadian Hydrogen Intensity
Mapping Experiment (CHIME) observatory by cal-
ibrating its observation antenna.

With two years prior to launch, this work was de-
veloped while the preparation for the Preliminary
Design Review (PDR) presentation. The goal is
to characterize the ORCASat’s behaviour on the
structural and thermal level. Finite element analy-
sis were performed in order to know this behaviour
and solutions were adopted every time its integrity



and components were not working at the safe range.
This was possible using the CAD model developed
by the Mech team.

In the structural analysis the FEM models are de-
veloped from the simplest to the most complex and
modal simulations are performed to check the satel-
lite’s fundamental frequency and respective mode
shapes. In order to validate the models used, these
results are then compared with three different ex-
perimental tests. If at any time the results do not
meet the requirements, a solution should be pro-
posed. If the error between the experimental and
numerical results is significant, the numerical model
needs to be updated so that better and more reliable
data on future numerical analysis can be obtained.

In the thermal analysis the satellite is simulated
in an orbit with the same characteristics as the real
one. The thermal cycles of each component are an-
alyzed and if the temperatures are outside their safe
range, solutions should be proposed as well.

The data and results obtained during this work
should not be considered as final results but should
help the team to evaluate if the mission is going
towards success.

2. Theoretical Background
2.1. Dynamic Analysis

2.1.1 Numerical Modal Analysis

The main purpose of a numerical modal analysis is
to determine the natural frequencies and respective
mode shapes of a system allowing to evaluate its
dynamic characteristics [5]. The fundamental fre-
quency is the first natural frequency and the most
relevant being its value influenced by a great num-
ber of factors related to the physical properties of
the system, applied boundary conditions, magni-
tude and distribution of masses and inertia.

A multidegree-of-freedom system can have its
equations of motion represented in a matrix form
that depends on the mass matrix M, the damping
matrix C, the stiffness matrix K. and the force vec-
tor F', being x, x and X the displacement, velocity
and acceleration, respectively [9].

M5 4+ Cx + K.x = F (1)

To determine the natural modes of vibration the
force is zero. The undamped free vibration system
is represented by,

M3 + Kx = 0 ()

Assuming that,
3)

which corresponds to an harmonic solution. Replac-
ing in the Eq.2, the eigenvalue problem is obtained,

(4)

x = ¢y sin(@t + @)

(Ke - QQM)QSV =0

A non-trivial solution for this problem is given,

det(K, — @*M)¢p, = 0 (5)
where @2 defines the eigenvalues and ¢, defines the
eigenvectors allowing to obtain the natural frequen-
cies and natural mode shapes, respectively. The
natural frequencies, in Hz, can be calculated from,
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If the system presents damping, each frequency of
damped vibration can be computed using,

@4, = @i\/1 = ¢

being ¢ the modal damping ratio and obtained by,

(7)
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where ¢; and m; represent the damping and mass
terms of the correspondent equation. An oscillatory
motion only results if ( < 1, which corresponds
to the underdamped case. The frequency of the
damped vibration is always lower than the natural
frequency [4].

2.1.2 Experimental Modal Analysis (EMA)

A purpose of doing a numerical analysis using a fi-
nite element method is being able to compare the
data and validate the model with the results ob-
tained by experimental tests. Shaker and impact
testing can be performed [8]. The shaker test con-
sists of placing and attaching the structure on a
shaker table that will input a force in a certain
frequency range. Impact test uses an hammer to
excite the system. Both tests measure the displace-
ment, velocity or acceleration at specific points and
the data is obtained as Frequency Response Func-
tions (FRFs) which is a ratio of the structure’s be-
havior (output) due to the applied force (input),
transformed from the time domain to the frequency
domain using Fast Fourier Transform (FFT) algo-
rithms. The resonance frequencies are identified as
the peaks of the amplitude diagrams.

2.2. Thermal Analysis
This analysis simulates the space environment and,
by defining the orbit parameters, it is possible to
know the variations of temperature that occur on
the spacecraft as well as if its components stay be-
tween their operational range. An heat balance is
established where all the energy exchanges are con-
sidered.

In LEO, the atmosphere rarefaction is significant
so the convection can be neglected. Conduction and



radiation take an important role in the heat bal-
ance. The net heat rate is given by [6],
Qnet = an - Qout + Qgeneration (9)
where,
. oT
Qnet = mcpﬁ (10)
The rate of heat transfer that enters the system by
radiation has several sources as the solar radiation,
Earth’s infrared radiation and albedo and radiation
from the surroundings. Since the ORCASat has
different components with different surfaces, each
one will absorb distinct fractions of this radiation.
Considering a component ¢ and a surrounding body
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being,
Gsotar = 0T (15)
Gatbedo = BAFE hdsolar (16)
Ginfrared = Qsolar Py dsolar (17)
4 = o0& T} (18)

The general equation for the view factor calculation
between two surfaces is given by,
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The rate of heat transfer that leaves the component
c is,

(19)
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Considering the conduction, the rate of heat trans-
fer that enters or leaves the system is given by,
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(21)

Qconduction =

Since the electrical components are not perfect elec-
tric current conductors, electrical energy is con-
verted into thermal energy. The rate of heat gener-
ation by Joule Effect is,

Qinternal =UI (22)

3. Stuctural Analysis

Using Siemens NX 9.0, two solutions are chosen to
verify if the ORCASat fulfill the main structural
requirements.

Solution 103 - Real Eigenvalues is responsible
for the dynamic behaviour where modal frequen-
cies and respective mode shapes are obtained. It is
possible to understand if the fundamental frequency
is above 90 Hz.

Solution 101 Linear Statics — Global Constraints
is responsible for the static behaviour. It is studied
if the spacecraft can handle a load of 1200 N along
the rails.

Having the CAD model provided, the several
parts are idealized, the mesh is created, the mate-
rials assigned, the boundary conditions established
and the contacts between components applied.

3.1. Finite Element Analysis

A bottom-up approach was adopted since the satel-
lite consists on a large number of parts assembled
together that requires a significant number of con-
tacts and connections between them. Three FEM
models were developed and their mesh consist of
1D, 2D and 3D elements (Figs. 1 and 2) - 1D el-
ements represent the screws; 2D elements are used
for shell surfaces resulted from the idealization pro-
cess such as solar cells and; 3D elements are used
for the rest of the ORCASat components.
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Figure 1: FEM model 1 and FEM model 2

Regarding the dynamic analysis, two different
sets of boundary conditions were implemented -
satellite fixed along its rails representing the case
where no clearance exists between the spacecraft
and the deployer and; satellite with fixed bases
representing the case where this clearance exists.
The fundamental frequencies obtained for the three
FEM models are presented (Table 1).

The same fundamental frequency was obtained in
the last model for both boundary conditions demon-
strating that the rails do not have any contribution
on the ORCASat’s first mode of vibration. The
convergence study is presented (Fig. 3) and the re-
spective mode shape (Fig. 4).



Figure 2: FEM model 3

Table 1: Fundamental Frequencies for each FEM

Fixed Bases ‘ Fixed Rails
Freq. [Hz] N° Nodes | Freq. [Hz] N° Nodes
FEM 1 728.1 557 996 1297 292 342
FEM 2 433.3 633 968 454.3 633 968
FEM 3 246.8 839 325 246.8 839 325
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Figure 3: FEM 3 Fundamental Frequency Conver-

gence

Figure 4: FEM 3 Results

To have a validation of the numerical results or to
improve the accuracy of the computational models,
an experimental test must be done.

Regarding the linear static analysis, the main
structure was studied (Fig. 5). Applying the force
on the top or bottom with fixed end showed differ-
ent but approximated results (Table 2).

Figure 5: ORCASat’s main structure

Table 2: Stress analysis

Force on Top Force at the Bottom

N° Nodes 526 916
stress-elemental [MPa] 11.627 11.696
stress-elemental-nodal [MPa] 22.71 27.52

It was concluded that the ORCASat’s structure
can handle the load perfectly. The values for the
stress elemental — Von Mises are under the stress
required for the aluminum to start showing plastic
deformations. The yield strength of aluminum 6061
is 241.7 MPa.

3.2. Experimental Modal Analysis (EMA)
3.2.1 Vibration Test Performed at UVic

The system was submitted to a shaker test (Fig. 6)
and is composed by the ORCASat’s outer structure
purely made of aluminum 6061 with stainless steel
screws.

To attach the system to the shaker, a plate made
of the same material was used. All adaptations were
considered in the FEM model as well.

Five instruments were needed to perform the test:
shaker (2), oscilloscope (3), accelerometer (4) (at-
tached to the structure with wax (1)), function gen-
erator (5) and amplifier (6).

After attaching the accelerometer in the defined
locations, which were determined considering the
modal shape characteristics obtained on Siemens
NX, the fundamental frequency revealed a value of
167.2 Hz. The adapted FEM model showed a value
of 218.1 Hz (Figs. 7 and 8) which represents an
error of 30.4%. Since this error is a consequence
of adaptations done during the preparation of the
experimental test, because of the subjectivity while



Figure 6: UVic vibration test setup

detecting the modal frequencies and because it was
performed by students, another analysis was devel-
oped at the NRC installations by specialists.

223

221

Fundamental Frequency [Hz]

217

215

Number of Nodes

Figure 7: Fundamental frequency convergence

Figure 8: UVic test FEM result

3.2.2 Vibration Test Performed at NRC

This experimental vibration test was performed at
the National Research Council, in Ottawa. The sys-
tem was submitted to an impact test and is com-
posed by the ORCASat’s outer structure purely
made of aluminum 6061 with stainless steel screws.
This free-free vibration test required the use of an
excitation hammer with embedded load cell (Fig.
9). The structure was suspended using four thin
wires attached to the four corners of its frames (1)
and a bungee cord (2) which was connected to a
firm supporting structure. 12 tri-axial accelerome-
ters were attached to the top, mid and bottom of
the structure (3) and the energy was analysed and
confirmed to cover the target frequency range up
to above 2 kHz. Two datasets were measured, one
with the hammer at the top corner and the other
with the hammer at the bottom corner (Fig. 10).

Figure 10: Impact hammer locations

The FEM model was adapted to these condi-
tions as well. The mass of the accelerometers was



considered but dissipated to the whole model and
not localized in the same area where they were
placed during the experiment. The density of the
aluminum 6061 was changed from 2711 kg/m? to
2859.81 kg/m? to approximate the real and numer-
ical models.

While performing the test, all target modes were
identified clearly with consistency and correlated
well. NRC detected the first 9 modes of vibration.
The error between the modal frequencies obtained
on Siemens NX and NRC are presented (Table 3).

Table 3: Error between the numerical and real data

Mode NX [Hz] NRC [Hz| Error [%]
1 470.8 459 2.57
2 567.5 527 7.68
3 722.1 672 7.46
4 813.2 799 1.78
5 905.4 861 5.16
6 1025 990 3.54
7 1201 1155 3.98
8 1225 1222 0.24
9 1273 1347 5.49

Despite all the approximations and induced er-
rors that could appear during the real and simu-
lated tests, the error is always below 8%. In fact,
for the fundamental frequency, the error is, approx-
imately, 2.6% which validates the numerical model
for future analysis.

3.2.3 Vibration Test Performed at NRC
(Homathko)

This test is mentioned simply for comparison and
discussion between the results regarding the third
FEM model and the experimental ones obtained for
the satellite Homathko at NRC on July, 2018. It is
relevant since is the only experimental test covering
a complete model.

Homathko is a 3U CubeSat, born in the Cana-
dian Satellite Design Challenge (CSDC) competi-
tion with a payload similar to ORCASat. The sys-
tem was submitted to a free vibration test being
divided in three phases - a sine sweep test from 5
Hz to 2200 Hz to identify the resonance frequencys;
a random vibration test to simulate the launch con-
ditions and; another sine sweep to verify any reso-
nance frequency changes.

The fundamental frequency was detected with a
value of 130.1 Hz. Comparing with the fundamen-
tal frequency obtained for the third FEM model
(246.8 Hz), it was expected that the ORCASat’s
frequency would be higher than the Homathko’s
since the latter is heavier. Homathko (3U) sat-
isfies the requirement regarding the minimum fre-
quency. It is reasonable to predict that a complete
ORCASat (2U) will also satisfy it since both were

built with the same requirements and similar fea-
tures on the structural level.

3.3. Preliminary Design Review FEM Model

The model presented during the PDR presentation
had some different features from the CAD model
used during the numerical vibration analysis such
as the inclusion of solar sensors, antenna deployer
mechanism and more components in the payload
module.

A vibration analysis was performed for the PDR
model as well with the purpose of verifying if the
ORCASat’s fundamental frequency remained above
90 Hz. No component was removed from the model
(Fig. 11). The system had its bases fixed and the
fundamental frequency revealed that the ORCASat
did not fill the requirement. This was unexpected
since the third FEM model revealed a fundamental
frequency above 200 Hz.

As the biggest difference between both models re-
lies on the payload module, by analysing the mode
shapes, it was concluded that the vertical payload
PCB should be attached to the respective 1U brack-
ets.

After applying this constraint, new results were
obtained revealing this solution as a success (Table
4). As the structure became more stiffed, the first
frequency was no longer characterized by a defor-
mation on the vertical payload PCB (Fig. 12).

Figure 11: PDR FEM model

Table 4: Modal frequencies of the PDR model be-
fore and after applying the proposed solution

Before  After

Number of Nodes 660 179
Mode 1 [Hz] 89.66 192.2
Mode 2 [Hz] 140.6  276.7
Mode 3 [Hz] 192.3  289.5

4. Thermal Analysis
The thermal analysis was performed using the pro-
gram Siemens NX with the solver Space Systems



Figure 12: Mode shapes of the PDR model before
and after applying the proposed solution

Thermal. In this study, only one model was used,
identical to the third FEM model in the structural
analysis. The idealization process is considered, the
mesh is created, the materials assigned, the con-
tacts between components applied and the bound-
ary conditions established where the orbit, ther-
mal loads between components and radiation are
defined. Two opposite cases were analyzed - hot
case and cold case - being a thermal control system
developed to maintain all components within their
safe temperature range.

4.1. Finite Element Model

The mesh of the thermal model is constituted by 2D
and 3D elements. 2D elements were used to model
the solar cells which were represented as shell sur-
faces. 3D elements were used in the rest of the
satellite’s components. 1D elements were not used
in this FEM model since all contacts were consid-
ered as perfect and the surfaces glued.

Regarding the printed circuit boards, instead of
applying the heat loads in the specific electronic
components, these were applied to the whole PCB
area since they were not modelled yet. The values
for the heat loads are presented (Tables 5 and 6).

Table 5: Power specifications for Hot Case [m W]
and solar flux [W/m?

Hot Case

Solar Flux 1411.426
ADCS PCB 750
ADCS Magnetorquers (each) 3.3
TT&C PCB 25
OBC PCB 145
Payload PCB 10
EPS PCB 920
EPS Battery (each) 35
X Solar Panel (each) 135
Y Solar Panel (each) 135
Z Solar Panel 170

The satellite starts orbiting at a temperature of
15°C for the hot case and 8°C for the cold case [11].

Table 6: Power specifications for Cold Case [m W]
and solar flux [W/m?]

Cold Case
Solar Flux 1323.682
ADCS PCB 750
ADCS Magnetorquers (each) 3.3
OBC PCB 145
EPS PCB 410
EPS Battery (each) 25

For the radiative environment temperature, accord-
ing to [12], 4K was defined.

The mazimum number of orbits is predefined as
12 but this value was changed to 5 since it was ob-
served that, after the first orbit, the difference in
range of temperatures was minimal.

Initally, the number of samples per orbit was de-
fined as 10 however, the plot for the temperatures
evolution was not well defined. This value was al-
tered to 15 which increased the time needed for the
simulations but provided better data.

It was assumed that the external components
were the only exchanging radiation with the space
environment. The internal components radiate to
each other. For this, Radiation Simulation Object
was the boundary condition applied.

In the hot case, the date was defined as 21st De-
cember 2021 (at 04:00:00) and in the cold case was
22rd June 2022 (at 10:00:00). These dates were
computed by establishing the exact solstice dates
for 2021 and 2022 and detecting the moment with
the maximum and minimum beta angle for the hot
and cold case, respectively.

The orbit parameters can be visualized in the ta-
ble below.

Table 7: Orbit parameters

Cold Case Hot Case
Orbit Period [s] 5549.087
Minimum Altitude [km] 400
Eccentricity (e) 0.0005
Orbit Inclination (i) [deg] 51.64
Argument of Periapsis [deg] 34.8042
Local Time at Ascending Node (€2)  10:00:00  04:00:00

4.2. Results and Conclusions
Initially, no thermal control system was applied.
The solar panels had the same thermo-optical prop-
erties as the PCBs being considered as simple fiber-
glass epoxy materials. After obtaining the results,
the only components considered as critical were the
integrating sphere, momentum wheel and batteries.
The maximum and minimum temperatures ob-
tained for both hot and cold cases are presented
(Tables 9 and 10) as well as the operating temper-
atures of these critical components (Table 8).



A thermal control system must be implemented.

Table 8: Operational temperatures on the thermal
model

Operational Temperatures [°C]

integrating sphere -25 to +60
momentum wheel (bracket) -25 to +60
batteries [3] 0 to +45

Table 9: Thermal results without TCS - Cold Case

Cold Case
Min. [°C] Max. [°C]
integrating sphere -27.688 2.196
momentum wheel (bracket) — -28.441 2.964
batteries -28.488 2.961

Table 10: Thermal results without TCS - Hot Case

Hot Case
Min. [°C] Max. [°C]
integrating sphere -12.366 11.354
momentum wheel (bracket) — -13.417 12.219
batteries -13.441 12.226

4.3. Thermal Control System

The ORCASat has power limitations and passive
thermal control systems are more reliable, lighter,
cheaper, easy to integrate and don’t require any
kind of power from the satellite so, these were the
first being implemented. If the solutions adopted
are not enough to maintain the critical components
between their operational range and no other op-
tion exists, an active thermal control system shall
be implemented.

The solar panels were considered as black surfaces
instead of the usual fiberglass epoxy material and
the anodized aluminum was treated with a black
paint as well. These passive thermal control sys-
tems are characterized for changing the values of
emissivity and absorptivity. Thus, a bigger portion
of radiation is absorbed by the satellite, increasing
the overall temperature of the components.

4.3.1 TCS - Black anodized aluminum and
black solar panels

By applying both passive TCS, higher minimum
temperatures through the cold case were obtained
(Tables 11 and 12). The batteries continued out-
side the desired temperatures but applying an ac-
tive thermal control system is a decision that should
be avoided at all costs.

After discussing with both Management, Mech
and Payload teams and studying other possible so-
lutions, a new type of batteries with the capability
of recharging under -35°C was considered.

Table 11: Thermal results with TCS - Cold Case

Cold Case
Min. [°C] Max. [°C]
integrating sphere -20.325 18.033
momentum wheel (bracket) — -21.216 19.120
batteries -21.274 19.120

Table 12: Thermal results with TCS - Hot Case

Hot Case
Min. [°C] Max. [°C]|
integrating sphere -1.211 30.855
momentum wheel (bracket) -2.625 31.990
batteries -2.644 31.997

INTEGRATING SPHERE
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Figure 14: Momentum wheel thermal cycle



4.4. New batteries

The initial batteries were lithium-ion from Pana-
sonic charging between 0 and +45°C. The new bat-
teries are lithium-titanate being able to recharge at
-40°C. They present a longer life cycle compared to
lithium-ion of 3000 to 7000 charge cycles and higher
security, stability and charge faster. However, they
present lower inherent voltage of 2.4V /cell leading
to a lower energy density [1]. The values for the
recharge efficiency and capacity are presented (Ta-
ble 14) as well as the conditions of the experimental
test performed by Hunan Huahui New Energy Co.
(Table 13).

Table 13: Experimental test conditions on lithium-
titanate battery cells [2]

Test Conditions

Items Descriptions
Sample models LTO cell 18650 1.3Ah 2.4V
Room temperature [°C] 25 £ 2
Humidity [%] 35-75

After the cells are discharged,
charge with constant current
and constant voltage at 25°C /
-20°C / -30°C / -35°C / -40°C

Test methods

Table 14: Experimental test results on lithium-
titanate battery cells [2]

Record capacity datas

Test temp. [°C] Recharge efficiency [%] Capacity [%]

25 100 100
-20 97 88.5
-30 83.6 66.7
-35 62.6 35.7
-40 49.5 15.1

This is a viable solution that must be imple-
mented to the ORCASat, solving the problem re-
lated to low battery temperatures. It is observed
that the efficiencies are low when LTO batteries
recharge at -40°C. Nevertheless, the peaks of tem-
perature with both passive TCS applied show that
the worst cold case happens above -25°C with an
efficiency of, approximately, 97% and a capacity,
compare with 25°C, of 88.5%.

This type of batteries is being analyzed and eval-
uated by NanoRacks to verify if their composition
presents any hazard to the space environment. Af-
ter the Preliminary Design Review presentation,
NanoRacks did not provided any information or
conclusions on this matter, being the batteries still
under study.

5. Conclusions
In the structural analysis, the three models showed
that the ORCASat is able to maintain its physical

integrity during launch being the fundamental fre-
quency above 90Hz on both boundary conditions
applied. With the static study performed on the
satellite’s main structure, it was theoretically ver-
ified that the ORCASat can withstand a force of
1200 N along its length.

This analysis was performed on the model pre-
sented in the Preliminary Design Review presenta-
tion as well. Initially it was observed that the fun-
damental frequency had dropped below 90Hz how-
ever, after analyzing its modal frequencies, respec-
tive mode shapes and changing the constraints the
fundamental frequency increased above this value,
fulfilling the requirement.

This study is supported by three vibration exper-
imental tests. The experimental tests done while
the development of this work were performed on
the outer ORCASat structure represented by the
first FEM model. These tests have the same pur-
pose, determining the fundamental frequency of the
structure, but the method used was different. The
first FEM model was adapted to the constraints
of both tests and the validation of this numerical
model was successfully obtained for the test per-
formed at NRC. The UVic test allowed the team to
be in touch with experimental instruments and to
develop the knowledge regarding experimental vi-
bration tests but, unfortunately, the error between
the real and numerical models was too large. Fi-
nally, the second experimental test performed at
NRC was not done while the development of this
work but is presented as a way of comparison with
the third FEM model. No validation can be ex-
tracted from this test but it can be demonstrated
that the ORCASat is likely to have a frequency
above 90Hz.

In the thermal analysis, the third FEM model is
placed in orbit, the satellite temperatures were ob-
tained at two opposite cases, the cold case and hot
case. Passive thermal control systems were applied
and the spacecraft components temperatures were
dragged into the operating range with the excep-
tion of the batteries. By avoiding the development
of an active thermal control system due to power
restrictions, the solution was to replace lithium-ion
batteries by lithium-titanate. These batteries are
still being analyzed by NanoRacks and the Cana-
dian Space Agency.

All the objectives initially proposed were accom-
plished.
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