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Abstract

Space environment with changing temperatures and vacuum can affect the performance of optics instruments onboard sat-
ellites. Thermal models and tests are typically done to understand the optics performance within large space projects, but
less often in nanosatellites projects. It is even more rarer for an optics payload inside a CubeSat platform, made by a third
provider, to do functional tests on their optics during space environment test campaign. In this research, an in-house made
vacuum chamber with the possibility to warm up (TVAC) the devices under tests, and wall-through transparency for optics
experiments is set-up. In parallel, a thermal model of the HYPerspectral Small satellite for ocean Observation (HYPSO)
Hyperspectral Imager (HSI) is developed. The HSI, which is a transmissive grating hyperspectral instrument ranged in the
visible to near infrared wavelength, has been tested in TVAC. As thermal control is based on heating the device under test,
a new method for fitting the thermal models inside vacuum chambers with only heating capability is proposed. Finally, the
TVAC set-up and the thermal model fitting method have been demonstrated to be appropriate to validate the HSI thermal
model, and to characterize the optics performance of HSI in vacuum and in the range of temperatures found inside the in-
orbit HYPSO-1 CubeSat.

Keywords Vacuum thermal chamber - Thermal model - Hyperspectral camera - Thermal correlation

1 Introduction

Since first space exploration by optical instruments onboard
spacecrafts, evidence exists that their optical performance
depends significantly on the temperature variations in time
and temperature gradients along the spatial position [1].
Modeling or testing this influence is not a simple problem,
as it requires the combination of three main disciplines,
i.e., thermal, structural, and optical design. Thermoelastic
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models of optical instruments onboard spacecraft can be
found in Refs. [2, 3], or [4]. More recently, an exhaustive
study of the modeling procedure between the thermal and
the structural models can be found in Ref. [5]. They high-
light the relevance of the thermal and structural model quali-
ties for the thermo-elastic results obtained. Tests to validate
the design and the models are also fundamental, which is
the focus of this paper.

The HYPerspectral Small satellite for ocean Observation
(HYPSO) Hyperspectral Imager (HSI) is a transmissive grat-
ing hyperspectral instrument ranged in the visible to near
infrared wavelength [6]. The full range on the sensor spans
from about 300 to 900 nm, as shown and discussed in Ref.
[7], however, the 400 to 800 nm range is normally used.
The HSI has a theoretical Full Width at Half-Maximum
(FWHM) of 3.33 nm, and 124 spectral bands in the nor-
mal spectral range. The imager is the primary payload on
the missions HYPSO-1 (in-orbit since January 2022) and
HYPSO-2 (launch planned in 2024) [8]. HYPSO-1 and 2
are a series of two 6U ocean color observation CubeSats
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developed at the Norwegian University of Science and
Technology (NTNU) [9]. HYPSO-1 has temperature sen-
sors on the battery packs, the electric power system, and on
the inside of the camera sensor of the HSI. The tempera-
tures measured inside the camera sensor are typically in the
range of 10-20 °C, depending on the orientation HYPSO-1
to the sun. During nominal image acquisition, the sensor
is turned on for approximately 43 s, and the temperature
increase in the HSI sensor is about 5 °C, due to more power
dissipation from the electronics when acquiring images
(and also due to the incoming radiation from the Earth).
Typically, 5-6 images are acquired per day [8], with at least
1.5 h in between which allows for some cooling between
image acquisitions. However, for HYPSO-2, it is planned to
increase the image acquisition frequency and/or time, which
will increase the temperature during operations. Therefore,
some initial tests are also performed with HYPSO-1 with
increased image acquisition time to investigate this tem-
perature increase. As the temperature is only expected to
increase, we focus on constructing an experimental vacuum
chamber set-up that can be used to investigate the effect of
increasing temperatures on the engineering model of the
HSI, rather than effects from decreasing temperatures. One
of the requirements for the set-up is also that it must be
able to be used for low-cost space projects, and the set-up is
therefore not made to be more complicated than necessary.

Thermal vacuum tests for spacecraft and space compo-
nents are mandatory to demonstrate the feasibility of a sys-
tem to be launched to space. Complete descriptions of ther-
mal vacuum test campaigns for spacecrafts, even for small
satellites, can be found in many references, e.g., Refs. [10,
11]. A smaller number of publications can be found regard-
ing the design of thermal vacuum chambers. A review of
spacecraft environment test technology was made in Ref.
[12], including the thermal vacuum chambers. In spite of
that the main concept of a vacuum chamber could be simple
(sealed chamber and vacuum pumps), the addition of some
thermal control inside, and the control of the test system
itself adds some complexity. An example of a control sys-
tem for spacecraft vacuum thermal test can be found in Ref.
[13]. Thermal models of spacecraft may consider external
planetary fluxes (IR and albedo) and direct solar flux. One of
the main features of space is the harshness and variability of
the thermal environment. This typically leads to large spatial
and temporal temperature gradients within a space structure,
which can range from several tens to hundreds of degrees
Celsius [14]. An overview of the external heat fluxes on sat-
ellites is given in Ref. [15], and this can be carried over to a
more accurate model describing heat transfer between satel-
lite parts having different temperatures. The authors in Ref.
[16] give an ANSYS example on how to model the thermal
flow inside a camera. Reference [17] models the tempera-
ture ranges on the different parts of a satellite, including the
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camera. Reference [18] shows the thermo-electric modeling
of smallsats. Reference [19] made analytical study of ther-
mal effects. Reference [20] presented a comparison of differ-
ent paints in smallsats; and in Ref. [21], thermal load effects
on satellite components are explained. All those papers pro-
vide partial information needed in our research.

Tests dedicated to thermal and thermo-elastic analysis
within spacecraft missions typically include some types of
temperature mapping and deformation measurement tech-
niques. In Ref. [22], thermal imaging photogrammetry and
ray-tracing scene modeling are combined in a 3D thermog-
raphy system that can be used to validate thermal camera
temperatures. This work could help us to guide the post-
processing of the Infrared (IR) camera temperature maps,
but the methodology used there is out of scope for a typical
short CubeSat project. In Ref. [23], an assessment of the dif-
ferent technologies available to perform thermo-elastic dis-
tortion measurements has been performed. They explore the
most suitable methodologies like photogrammetry and laser
interferometry. In the same paper, the performance of a new
photogrammetry method has been evaluated, which showed
that the measurement points could be a priority parameter
(even more relevant than the technique accuracy). In the
context of a complete thermo-elastic study (not only thermal
study), these types of measuring techniques guided us to set
up a visible-range transparent vacuum chamber wall with
an infrared-range transparent window, in such a way that
any device under test (DUT) inside the chamber could be
scanned by a variety of cameras. Another example of pho-
togrammetry inside a vacuum chamber can be found in Ref.
[24]. An example of using interferometry to measure the
deformations of a breadboard telescope throughout thermal
vacuum experiments is given in Ref. [25], demonstrating a
dimensional stability corresponding to an overall Coefficient
of Thermal Expansion (CTE) lower than 10~/ K~! over a
temperature range that exceeds 100 °C. The use of Carbon
Fiber Reinforced Polymers (CFRP) allows to maintain small
deformation in large structures. One hypothesis could be that
the performance of the HSI is not critically influenced by the
thermal loads, because its structure is comparably smaller
than previous examples. A smaller size implies smaller dis-
placements in terms of length variation. Therefore, larger
sizes could result in increased instability and smaller abil-
ity to hold precise alignment. However, the material of the
HYPSO HSI-platform is aluminum, whose CTE is much
bigger than for CFRP, and consequently, the length varia-
tions for the same temperature changes. In Ref. [26], they
carried out experimental correlation of a thermal model
of a spacecraft structure for the thermoelastic analysis, by
means of an infra-red camera and thermocouple sensors.
They use a specific thermoelastic test demonstrator, cover-
ing the non-black outer surfaces with black tape to be better
captured by the camera. They used heater lines to configure
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different thermal gradients on the test item. Their thermal
model could be well correlated with thermocouple sensors at
given points, but it demonstrated not to be accurate enough
to simulate large thermal gradients observed by the infra-
red camera. The thermal mesh in ESATAN was refined to
improve the correlation. They also made a quantification
of errors, categorizing them in (a) camera and temperature
measurement inaccuracies, and (b) post-processing of infra-
red images and spatial mapping of the thermal model.

To validate the thermal model and to characterize the
HSI thermal performance, testing activities are critically
important. Different optical parameters are influenced by
the temporal temperature change, each requiring a different
experimental setup. Therefore, it is important to choose the
optical parameters that are our experiment target. For the
HYPSO-project, the FWHM is a relevant parameter, as we
want to focus on the spectral resolution to be able to detect
and distinguish different algae species in ocean waters [9].
In addition, Ref. [27] studied the spectral response in ther-
mal environments, where the focus was on the FWHM of a
reference peak in the spectral HSI response, and the inten-
sity. Therefore, we will focus on the same parameters in this
study, as the same type of HSI is studied. Another parameter
that is used to compare optics properties is the Point Spread
Function (PSF), which is often used for as a measure for
the spatial performance of an imaging system. In Ref. [28],
a method is developed for measuring the PSF for charac-
terization of co-registration and resolution of hyperspectral
cameras. However, the difference between our tests on the
hyperspectral camera and for example the study of Ref.
[28] is that the HSI is tested inside a vacuum chamber and
subjected to thermal loads. Making the experimental set-
up used in Ref. [28] and making it work with the vacuum
chamber are out of scope for this project, as we focus on the
in-house-made Thermal-Vacuum (TVAC) chamber set-up
allowing for functional testing in space environment of opti-
cal payloads, within a low-cost space project.

This research is also included in a broader study of
thermoelastic effects in optical space instruments. In the
broader study, the thermal, structural and optical models
are chained to get the relationship between temperature maps
and FWHM and throughput parameters. Therefore, verifica-
tion of the optical and thermal model by experimental tests
is needed, and its results are shown in this paper.

In this paper, we describe the experimental set-up of
a vacuum chamber with heater pads inside to adjust the
temperature of the DUT, to test the HSI designed for the
HYPSO CubeSats. We use the thermal results to verify the
thermal model of the HSI, which can be used later for the
in-orbit thermal control and for the thermoelastic analysis.
In Ref. [27], the experimental equipment used was based
on a thermal chamber with atmospheric pressure. Besides,
a detailed thermal model of the HSI was not available at the

time. The description of the design of the HSI used in these
tests can be found in Refs. [29, 30]. As a summary, rela-
tive displacements due to thermal gradients between optical
parts will modify the FWHM and throughput parameters,
and here, the tests to measure these relationship between
the thermal loads and the optical outputs are presented. The
paper is organized as follows: in Sect. 2, the experimental
set-up is described. In Sect. 3, an HSI thermal model inside
the vacuum chamber is presented and the model correla-
tion is described in Sect. 4. In Sects. 5, 6, and 7, the results,
a discussion on results, and the conclusions are outlined,
respectively.

2 Experimental set-up

An in-house TVAC has been made at NTNU. The TVAC
has an inner pressure lower than 3-10~* mbar, which is
enough vacuum level to test the hyperspectral camera out
of air conditions. A restricted thermal control capability is
available to heat the DUT, from room temperature upwards.
The chamber has one electrical feedthrough for heater pads,
and a cross-feedthrough for the HSI Ethernet cable, the tem-
perature sensors, the HSI power supply, and a high vacuum
pressure sensor (see Table 1 and Fig. 1). The pressure sen-
sor, temperature sensors, and heating pads inside the cham-
ber are controlled by the Fancy Thermal Test Rig version
4 (FTTRv4), which is developed at NTNU. The FTTRv4
reads the sensor outputs, and provides an interface to adjust
the heating pad temperatures. Besides, the chamber has a
visible-transparent access window in front of the front objec-
tive, and an infrared-transparent access window (an 8§—12 um
AR Coated Germanium Window) located at the chamber
top plate. For thermal control of DUTs inside the vacuum
chambers, there are (a) an infrared camera of a spectral range
between 8 and 14 pum; (b) 5 temperature sensors for point
measurements; and (c) heater pads for heating the DUT plat-
form. It can be observed that the range of wavelength of the
window glass is narrower than the range of measurements
of the infrared camera. The presence of radiative reflections
between surfaces inside the chamber, combined with the
uncertainty introduced by the coated germanium window,
creates a level of uncertainty in temperature measurements.
However, this can be addressed by incorporating contact
sensor measures. By comparing the readings from both con-
tact sensors and IR camera, the differences in temperature
can be determined across the entire measured range. As the
contact sensors only provide points of information, and the
IR camera covers the entire area, the IR camera remains
a valuable tool for characterizing thermal gradients. The
complete list of elements that compound the test system is
presented in the Table 1. The HSI is focused on an argon
spectral lamp that is located outside the vacuum chamber.
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Table 1 Breakdown of test system

System elements

Parts of the system elements

Description

Vacuum chamber

Thermal control system

Device under test

Baseplate

Dome

Top plate
Backing pump
Turbo pump
Infrared window
Visible window

Cross feedthrough

Electrical feedthrough
Control system

Temperature sensors
Heater pads

Infrared camera
Power supply

Sensor monitors

HSI

Aluminum plate to support DUTSs and two accessing circular points

Cylindrical glass with an external metallic grid protection

Aluminum disk plate with two access available

Pumping down from 1 atm to around 0.3 mBar

Pumping down from 0.3 mbar to around 2E-4 mBar

A 50 mm-diameter glass that is transparent within the range between 8 and 12 pm

A rectangular hole is made in the grid protection to provide certain field of view to HIS

Four sealing accesses in a cross to: (1) vacuum chamber, (2) Ethernet connector, (3)
high vacuum pressure sensor, and (4) 7-pin electrical connector

6-pin electrical connector where two of them are for heater pads supply

Manual control for backing pump by valves, and digital control for turbo pump by
display

1-wire temperature contact sensors

Rectangular electrical resistances: two of 1.25 W, two of 2.5 W, and two of 60 W

Camera in the spectral range of 8 and 14 um for temperature mapping

Supply of current for heater pads with voltage control

Monitoring of temperature contact sensors by FTTRv4 and temperature mapping by the
IR camera software PIX connect

Engineering model of the Hyperspectral imager for HYPSO

CAN-USB
GSE Power supply

Communication system from field computer with Linux to DUT

Ground segment power supply for DUT

The view of the HSI is cleared by making a small window in
the protection cage around the vacuum chamber.

2.1 Thermal determination and control

The measuring system consists of temperature contact sen-
sors and an infrared camera for temperature mapping from
the top side. The thermal control system consists of heater
pads attached to predefined locations and fed by a power
supply. In Fig. 2, the heaters placed in the upper part of the
platform are shown. In Table 2, the location and the purpose
of the heater pads are presented. All heater pads are attached
to the DUT platform because the objective is to increase
the global temperature of the DUT, to obtain steady states
in thermal balance tests. Once the control temperature is
stabilized, the temperatures from the IR camera are used to
correlate with the thermal model.

The infrared camera used is the Optris PI 450i-Optics
053, and the main characteristics are shown in Table 3.
The infrared camera is used to monitor the temperature
gradients of the HSI, as one of the targets of the test
campaign is to verify the HSI thermal model that will
be included in the whole thermo-elastic study. To have a
useful temperature map, the infrared camera shall point
perpendicular to get the more representative view of the
camera. In our case, the top view allows monitoring all
the HSI components, so that the camera is placed at the

@ Springer

top plate of the vacuum chamber, where an access window
made of infrared-transparent glass is available.

2.2 Device under test

The DUT is the HYPSO-1 engineering model of the HSI
joined to its platform. A schematic ray trace of the HSI can
be seen in the top left of Fig. 3. The design of the HSI is
optimized for imaging objects infinitely far away, as the
HSI is used on a small satellite. Therefore, the light rays are
assumed to enter the front lens (LO) as a collimated beam,
and they are focused by LO after which the entrance slit (S)
is reached. The collimator (L1) forms a parallel beam that
reaches the 300 grooves/mm transmission grating (G). The
transmission grating disperses the rays. Lastly, the light rays
are focused by (L2) to the sensor. Due to the wave properties
of light, constructive and destructive interference can occur
when two wave sources with different initial phase difference
or path difference act together. The main equation describing
this is called the grating equation

niA = a(sina + sinf), (1

where n is the spectral order, 4 is the wavelength, a is the
groove spacing for a 300 grooves/mm grating, « is the inci-
dent angle and f is the diffracted angle, see Fig. 3. For col-
limated light beams, a=0.
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Fig. 1 Elements of the thermal vacuum test system

The HSI has been placed in the Vacuum (VAC) chamber
as shown in Figs. 2 and 4. The three objectives are made
from aluminum 6061. All in-house machined parts of the
HSI, including the slit tube, grating holder, sensor housing,
and the payload platform with brackets to keep the compo-
nents in place, are made from aluminum 6082. The platform
is supported by four rods, threaded in the holes through the
dampers holes. An additional frame is positioned in the bot-
tom part of the rods to geometrically stabilize the assembly
and avoiding the tilting of the four rods. In the HYPSO-1
engineering and flight models, the HSI and Red—Green—Blue
(RGB) camera platform is joined to the CubeSat structure

T
o 7z A% O
Thermal g22 Grating
sensors Platform holder
i Slit assembly Cylindrical
Optical b
access
window
- a}
Front
objective
a ¥4 Sensor
He:ter Collimator Detector ++{ head
pacs objective objective

Fig.2 Preliminary set-up of the HSI inside the vacuum chamber,
with temperature sensors and heater pads for thermal control. An
optical access window is available

Table 2 Location of heater pads in test configuration for temperature
leveling purpose

Heater pad ID Maximum heating Location

power
HT60A 60 W Under HSI platform
HT60B 60 W Under HSI platform
HT2.5A 25W Over HSI platform
HT2.5B 25W Over HSI platform
HT1.25A 1.25W Over HSI platform
HT1.25B 125 W Over HSI platform
Table 3 Characteristics of the infrared camera
Characteristic Values
Temperature range —20-100°C
Spectral range 8-12 um
Detector 382x 288 pixels
Frame rate 80 Hz
Distance between the infrared and HSI 0.4 m
Pixel size at 0.4 m 0.4 mm
Recommended smallest measured object size 33 pixels
Smallest measured object at 0.5 m 1.38x1.38 mm
Focal length 8 mm
Angle of 53°: HFOV at 0.5 m 0.5m
Angle of 38°: VFOV at 0.5 m 0.35m
Angle of 66°: DFOV at 0.5 m 0.61 m
Angle of 2.2 mrad at 0.5 m: IFOV 1.1 mm
System accuracy +2°C
Temp. sensitivity at 40 Hz and 25 °C room temp 40 mK
Emissivity 0.1-1.0
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Fig.3 A schematic ray trace of the HSI zoomed in on the blazed dif-
fraction grating, which is the critical component of the HSI dispers-
ing the light

Fig.4 Lateral view of the DUT

through four dampers for structural isolation and thermal
insulation of the payload. The interface solution in flight
was designed to meet the space limitations in the front of the
bus. Each interface consists on a damper pair (model 215148
provided by SMAC) joined by a single M6.5 X35 mm bolt
to an aluminum 6082 T6 part with notches to accommodate
the geometry of the bus frame. Finally, the aluminum part
is attached to the frame bus with four M2.5 countersunk
screws. The DUT is placed inside the chamber in such a
way there is no contact with the cylindrical dome, and a free
thermal deformation is allowed in any direction.

2.3 Typical in flight temperatures

The HYPSO-1 HSI in orbit measures the temperature dur-
ing image acquisition. The temperature in the HSI sen-
sor is typically 10-20 °C when no images are acquired.
During nominal image acquisition, the sensor is turned
on for approximately 43 s, and the temperature increases
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about 5 °C. Three examples of temperature increase for
longer image acquisitions are shown in Table 4. From
these experiments, it can be seen that the temperature
increases significantly with longer acquisitions, reaching
close to 40 °C in the sensor. The other temperature sensors
in flight are attached to the batteries and the electronic
power system, and they measured average temperature
values of 11.7+0.9 and 8.1 + 1.6 °C, respectively, over a
period of 11 months. The minimum and maximum values
for the batteries are 8.0 and 14.7 °C in this period, and
for electronic power system 2.3 and 13.5 °C. This shows
that the temperature inside the satellite is normally around
10 °C. In this work, we want to use the heater pads to reach
temperatures of the HSI in the range for normal image
acquisition (around 20 °C), increased image acquisition
times (30 °C), and for successive increased image acquisi-
tion times (50 °C).

2.4 Test procedure

To compare results between the three cases tested (ambi-
ent and heaters ON with 8W and 32W of power dissipa-
tion), a systematic procedure was followed to set-up each
test system component in all of them. In this manner, the
uncertainty sources during the tests were equivalent, and
their influence on the comparative results neglected. A
summary of the step-by-step test procedure is presented
in Table 5. After the cleaning of all surfaces that are
immersed in vacuum environment during the tests, the
chamber base plate is configured with the HSI, the heaters,
and the temperature contact sensors. Then, the chamber
is closed by placing the cylindrical transparent glass and
the top plate. The infrared camera is set on the top plate
window for mapping temperatures, and the light source
lamp in front of the HSI, front objective for being the tar-
get of the image acquisitions. The measuring system and
the vacuum pumps are switched on. Once the appropriate
pressure levels are reached inside the TVAC, the heaters
are switched on to obtain the desired temperature level
in the DUT platform, and the HSI is turned on without
acquiring images, to achieve a stationary thermal state.
Then, hyperspectral images can be acquired with the HSI.

Table 4 Temperature increase in the HSI sensor with longer image
acquisitions with the HYPSO-1 CubeSat in orbit

No Date Duration FPS Frames Temperature
1 25Aug2022 1min27s 11 956 20.6to 31 °C
2 25Aug2022 2min39s 6 956 22.3t038.3°C
3 1 Dec 2022 3min14s 5 956 18.4t039.8°C
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Table 5 Summary to step-by-step test procedure

Procedure step Description

Cleaning

Clean the inside of the cylindrical dome glass with a fiberless wipe and soap. Then, the glass, the top and bottom plates,

the inner cables, and the DUT were cleaned with wipe and ethanol

Chamber setup

Place the DUT on the bottom baseplate; attach the temperature contact sensors on defined positions; connect the Ether-

net and power cables to HSI; place the cylindrical glass taking care of not damaging the cables; to close the chamber

with the top plate

Vacuum setup
display up to reach 10™* mbar

Reference measuring
Thermal case setup
Turn on spectral lamp
Measuring
Post-processing

Turn on the water for cooling; start the backing pump up manually to reach 0.3 mbar; and start the turbo pump by the

Take temperature measurements with the contact sensors and the IR camera; and take pictures with HIS

Switch on the power supply for heaters by setting a defined voltage; and wait until it reaches steady state conditions
Turn on the argon spectral lamp that is already in focus of the HIS

Take temperature measures with the contact sensors and the IR camera; take pictures with HIS

Import HSI data from uEye software, from the IR camera software, and from the temperature contact sensors; convert

the picture made by the HSI detector in intensity-wavelength charts; and calculate the FWHM for each distinctive

argon peak

3 Thermal model of the tests

In parallel to the experimental set-up, a thermal model of the
hyperspectral camera within the thermal vacuum chamber
is implemented with ESATAN-TMS. The purpose of this
thermal model is to be inserted in a global analysis chain of
a thermoelastic study on the HSI performance in-orbit. How-
ever, first, it is needed to verify the results of the thermal
model with these experiments. The model is divided in the
Geometrical Mathematical Model (GMM) and the Thermal
Mathematical Model (TMM), which are described in the
following two subsections, after the exposition of the ther-
mal requirements. In Fig. 5, the GMM of the HSI within the
thermal vacuum chamber is shown. In Fig. 6, a comparison
of the HSI GMM obtained with the ESATAN-TMS (a) and
the CATIA (b) is also shown.

3.1 Thermal requirements

From the HYPSO-1 that is currently in orbit, it is known
that the HSI on board of HYPSO-1 is immersed in an envi-
ronment with temperatures ranging between 10 and 30 °C.
During image acquisitions, it was seen that the temperature
of the sensor head increases. This is the main reason to set
up a heating system in the vacuum chamber to character-
ize the HSI in increasing temperatures. Then, the thermal
requirements are given in terms of the temperatures of
the sensor head. They are 60 °C and 50 °C for upper non-
operative and operative limits, respectively. These require-
ments will be considered all along the simulations and in
experimental campaigns to ensure the thermal integrity of
the camera. The thermal design of HSI is based on passive
elements that allow appropriate equilibrium temperatures

Fig.5 Thermal model for thermal vacuum tests

for all thermal cases that are expected in orbit. The pas-
sive elements identified in the HSI are the thermo-optical
properties of machined aluminum and the dampers, which
allows to isolate from radiative standpoint and conduc-
tively the instrument by the cubesat platform.
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(a) GMM model

(b) CAD model

Fig.6 Comparison of the geometrical mathematical model (made in
ESATAN) and CAD model (made in CATIA)

Table 6 Values of thermo-optical properties ([31] and [32])

Therm-optical property Infra-red emissivity Infra-red
transmitiv-
ity

Optical glass 0.07 0.93

G116 reverse A 0.89 0.0

G116 obverse 0.86 0.0

Anodized black 0.89 0.0

Bare Aluminum 0.035 0.0

Glass B270 0.081 0.919

N-F2 coat 0.003 0.997

N-LAK14 coat 0.002 0.998

N-SF57 coat 0.009 0.991

N-LASF44 coat 0.002 0.998

3.2 Geometrical mathematical model (GMM)

The GMM is based on the geometrical information of HSI
internal and external components given in the Computer-
Aided Design (CAD) model. Figure 6 shows an external
view of the HSI CAD model and of the ESATAN GMM.
It is remarked that the GMM is aimed to represent relevant
surfaces for the radiative exchange calculation, so that only
the ones with a big area have been included. The different
elements of the HSI GMM are grouped into 6 hierarchical
items: Front Objective (FOB), Slit Assembly (SLA), Colli-
mator Objective (COB), Grating Assembly (GRA), Detector
Objective (DOB), and Detector Box (DET). To use the ther-
mal model for the vacuum chamber tests, the HSI platform
and the vacuum chamber are also geometrically modeled
(see Fig. 5). The reference system has the axis x aligned with
the front and collimator objectives as well as the slit assem-
bly, the vertical axis z is perpendicular to the HSI platform,
and the axis y to complete a right trihedral system.

The heat exchange by radiation between the GMM sur-
faces depends on the mutual field of view and on their
thermo-optical properties. The values of infrared emissiv-
ity and solar absorbance are presented in Table 6, and their
locations in the model are shown in Fig. 7. The values of
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Fig. 7 Thermo-optical properties of the HSI elements ([31] and [32])
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Fig. 8 Distribution of the bulk properties along the HSI components
([31] and [32])

thermo-optical properties of opaque materials were consid-
ered from Ref. [31], while the values of lenses are extracted
from Schott optical glass collection datasheets [32]. Regard-
ing the diffuse reflectivity, we have considered that is one
minus the emissivity for opaque materials and negligible for
transparent lenses.

3.3 Thermal mathematical model (TMM)

The TMM includes the definition of the bulk materials, the
conductive couplings between nodes, the power dissipation
of components, the definition of the analysis cases, and the
calculation of the temperatures and heat fluxes for each ther-
mal case. The bulk materials used are shown in Fig. 8, and
the values of thermal properties are presented in Table 7.
As usually done in space systems, the thermal model
should be verified. Environmental tests or sensitivity anal-
yses are used to gain confidence on the thermal model. The
verification is needed to reduce the inherent uncertainty in
many of the thermal parameters used or calculated during
the modelization process. The Linear Conductors (GLs)
between shells is one of the main uncertainty sources
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Table 7 Values of bulk properties ([31] and [32])

Bulk property Density [kg/m®]  Specific heat Thermal con-

[J/(kg K)] ductivity [W/
(m K]

Fiber Glass 2540 787 1.1

Steel 4600 525 22.15

aluminum 6061 2770 896 167

aluminum 6082 2770 896 170

Glass B270 2550 800 1

Optical glass 2560 800 1

H-LAFL5 3630 630 0.89

H-ZF52 3530 660 0.99

H-F4 2650 810 1.05

H-ZLAF55D 4440 530 0.82

H-FK61 2650 810 1.05

in a thermal model. The ones with a common edge are
calculated by ESATAN-TMS, but the rest of connections
without a physical representation in the GMM must be
computed manually (more than 250 linear conductors in
our model).

A description of the different types of calculated linear
conductors is as follows: To define the conductive interface
of different model subparts belonging to the same machined
part, a fused GL is defined, so only conductive resistance
across the materials is considered. An example of this type
of linear conductor is found between the HSI platform and
the upwards extensions for the bracket joints. The shell
thickness, the model node width, and the distance from
the center of the node to the contact line center are needed.
Other structural connections have a contact resistance (i.e.,
brackets to platform extensions), because they are bolted to
each other. In these cases, a contact conductance was added
to the conductive resistance through the materials. Depend-
ing on the bolt diameter, the washers, and the applied torque,
the value of the contact conductance can vary. A contact
conductance of 500 W/m? K is used for tight contact areas,
like the brackets to the objective cylindrical surfaces [31].
The contact conductance through the screw teeth is modeled
as 300 W/m? K, like the joints between both sides of the
grating housing. These values are based in the experiments
of other authors given in Ref. [31].

Linear conductors must be defined to quantify the heat
transferred through electrical pinned connectors: (1) the
power supply and (2) the Ethernet cable. A linear con-
ductor is defined for each pin, so the total conductance of
the connector is computed multiplying by the number of
pins. The linear conductor of one pin is computed with two
conductive resistance (male and female parts) and a con-
tact conductance of 500 W/m? K, because the pin must be
tightly connected to ensure electrical conductivity. The list

of conductive couplings with linear conductors that has been
correlated is shown in Table 10.

The internal heat exchange is provided by external and
internal heat sources. With the spacecraft in orbit, the solar,
albedo, and planet fluxes are considered as external sources,
and power consumption of electronics components as inter-
nal ones. However, the HSI thermal model is used here to
be inserted in a complete thermoelastic analysis chain that
is verified with experiments in a thermal vacuum chamber.
Therefore, the HSI external environment is considered to be
the chamber glass dome and the bottom base plate, which
maintain room temperature all along the tests (see Fig. 5).
As the HYPSO payload is inside the CubeSat platform pro-
vided by NanoAvionics, whose thermal control subsystem
provides a stable thermal enclosure, the external environ-
ment during tests would be not far from the one in orbit.
Within the nominal range of inner temperatures in HYPSO,
the main variation is an increase when HSI, is operating.
Therefore, as explained in Sect. 2.1, a heating system with
a total of 127.5 W is available inside the vacuum chamber,
which was used for increase the temperature of the HSI plat-
form in the reference thermal balance case. In the thermal
model, power dissipation due to electronics components
working is modeled as nodes producing inner heating power,
which takes place at the detector box. In our laboratory tests
and in the thermal model, only the detector box is dissipat-
ing power, and this is distributed in the four boards inside
the detector box. For all the steady cases studied (heaters at
different power levels), the camera is always switched ON.

4 Thermal model in-house correlation

Methodology A method for fitting the thermal models inside
vacuum chambers with only heating capability is proposed.
This type of methodology can be very useful for low-cost
space projects, where only facilities with limited capabilities
are accessible. The main steps are:

e The thermo-optical properties of the surfaces and the
bulk properties of the materials are previously obtained
from bibliography.

o The values of the linear conductors (GLs) between nodes
in the thermal model are preliminary adjusted with the
ambient temperature case with no heating power.

e A given power is set in the heater pads power supply.
The values of the heating power are set in the thermal
model corresponding with the nominal amount of power
applied in each analysis case (see Table 8). However,
due to, in between other factors, the uncertainty in the
effective heat transfer from the heater to the aluminum
platform, their dissipation power is considered as a fitting
parameter in the correlation process. Moreover, there are

@ Springer



F. Navarro-Medina et al.

Table 8 Applied heater values for each heater pad (presented in
Table 2) and for each analysis case (AC)

Heater pad ID AC-Amb [W] AC-8 [W] AC-16 [W]
HT60A 0 3.8 15
HT60B 0 3.8 15
HT2.5A 0 0.2 0.6
HT2.5B 0 0.2 0.6
HTI1.25A 0 0.1 0.3
HT1.25B 0 0.1 0.3

other dissipation sources as the current within the cables,
so that they have been considered in the thermal model
by applying a power equal to the heat dissipated by Joule
effect directly in the same positions as the heaters.

e The thermal model can be run at other thermal cases
different than the cases used for the correlation, by keep-
ing the fitted GLs and by scaling the power dissipation
values.

5 Results

The main objectives of the test campaign were to character-
ize the HSI in vacuum and thermal environment, and to ver-
ify its thermal model. Therefore, the test cases (presented in
Table 8) were planned to have several temperature levels in
the HSI platform. Thus, several images were taken with the
HSI at each temperature level. The higher the power applied
to the heater pads, the higher the thermal gradients are along
the HSI components. As mentioned above, the verification
process consists of: (a) recreating the same thermal scenario
with ESATAN in terms of boundary temperature, heat dis-
sipation on the heaters, and HSI sensor head; (b) modifying

(a) Thermal model

the linear conductors of the thermal model with the ambi-
ent case; (c¢) modifying the heat dissipation values; and (d)
obtaining similar temperatures as measured ones at target
positions (the correlation criteria used is 5 °C).

The heater pad configuration is presented in Table 2.
Tests with and without vacuum were performed to compare
the HSI images. The measured temperatures were main-
tained within a rate of temperature change of 1.0 °C during
1 h. Just later, the HSI was used to take frames for about
25 s, taking 10 captures in each configuration. Temperatures
in the platform were around 23 °C for 0 W-heaters, 33 °C
for 8W-heaters and 50 °C for 30 W-heaters. First and last
temperatures were used to do the thermal model correlation,
and the middle one to check it.

5.1 Temperature results

The measures of temperatures with the IR camera are com-
pared with the temperatures obtained with the thermal
model. A snapshot of the measurements of the IR camera for
each temperature objective can be seen in Figs. 9b, 10b, and
11b, where the temperature sensors are shown by the con-
tours O to 4. The temperatures measured with the IR camera
have been verified by comparing the temperatures of the
contact sensors with the infrared camera measures of areas
in the same location as the contact sensors (see Table 9).
Most of temperatures measured by the contact sensors and
the IR camera seem to be reasonably similar, except the IR
camera measure in the area of the contact sensor 2. This is
in the platform close to one of the 1.25 W heater pads, and
the extremely hot temperature could be a consequence of the
reflection of the IR radiation emitted from the heater or the
surrounding cables. A hotter temperature in Figure 10b and
11b in the +x side of the sensor head can be seen. The mate-
rial on the +x side is aluminum 6060, and the remainder of
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Fig.9 Temperature map of HSI for the thermal model and for the tests during the room temperature case. No power applied in the platform
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Fig. 11 Temperature map of HSI for the thermal model and for the tests during the hot case. A total power of 32 W applied in the platform

Table9 Temperature comparison between IR camera (Tig.umeralC1)
and contact sensors CS (T cisensorl C1)-

Sensor location  Tes gw [Cl Tireamow [C1 Tesgw [Cl Tiream sw [Cl

BRA COB 229 22.9 252 25.1
(CS0)

GRA (CS1) 23.7 24.0 27.4 27.5

PLT -Y (CS2) 23.1 22.8 26.4 36.9

PLT+Y (CS3) 23.6 24.8 28.2 259

BRA DOB 23.8 26.1 27.2 29.0
(CS4)

Ambient case: Heater power of 0 W. Hot case: Heater power of 8 W

the sensor case is made of aluminum 6082. There are no
heater pads used to increase the temperature of the sensor
case. One possible reason for this effect is reflection of the
surrounding power cables to the HSI sensor. In addition,

this part of the sensor is not perpendicular to the IR camera,
whereas the remainder of the sensor case is perpendicular.
To represent the different IR camera view angles as good as
possible, we decided to take an average area of both surfaces
to estimate the temperature.

Each thermal node in the ESATAN model is assigned to
a specific area, resulting in the calculation of a temperature
value for the center of the node. In the thermal model, we
have used average values for a group of nodes, which cor-
respond to the areas that have been also averaged in the IR
camera software. Before and after fitting the linear conduc-
tors in the thermal model, the preliminary and corrected
temperatures are shown in Table 10. As mentioned above,
the linear conductors manually implemented in ESATAN
contain an inherent uncertainty due to the use of reference
values for the material thermal conductivity k, the contact
conductance in the node interface /., or the approximation
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Table 10 Temperature comparison between measured

HSI component T easured—ow [°Cl Teare—ow [°CI 0Ty [°C]
SLIT 23.1 253 22

GRA (CS1) 23.9 26.0 2.1

DET 353 314 -39
PLT (CS2) 23.0 24.4 1.4

PLT (CS3) 24.2 24.3 0.1

BRA FOB 22.9 25.1 2.2

BRA COB (CS0) 229 25.1 22

BRA DOB (CS4) 25.0 28.9 3.9

Temperature mean deviation of 67y =1.3 °C
Temperature standard deviation of 67, =2.3 °C

HSI component T measured—sw [°Cl T e—sw [°C] 0Ty [°C]
SLIT 25.5 27.4 1.9

GRA (CS1) 27.5 30.1 2.6

DET 33.6 35.5 1.9

PLT (CS2) 31.7 30.6 - 1.1
PLT (CS3) 27.1 31.9 4.8

BRA FOB 33.6 29.6 -4.0
BRA COB (CS0) 25.2 26.8 1.6

BRA DOB (CS4) 28.1 329 4.8

Temperature mean deviation of 6Ty =1.6 °C
Temperature standard deviation of 6Tgy =2.9 °C

HSI component Tncasurea—32w [°Cl Teate—32w [°Cl 0Ty [°C]
SLIT 329 359 3.0
GRA (CS1) 452 455 0.3
DET 60.7 61.9 1.2
PLT (CS2) 47.1 51.4 43
PLT (CS3) 62.8 61.6 - 1.1
BRA FOB 29.8 34.8 5.0
BRA COB (CS0) 33.6 34.7 1.1
BRA DOB (CS4) 57.8 53.6 —-42

Temperature mean deviation of 675,y =1.2 °C
Temperature standard deviation of 675,y =3.0 °C

Fitting of linear conductors

Node A Node B GL before fitting [W/K] GL after fit-
ting [W/K]
FOB BRA FOB 0.4712 0.0001
COB BRA COB 0.4712 0.0001
COB GRA Front 0.0011 0.0080
GRA Front GRA Back 0.0031 0.0031
GRA Back DOB 0.5498 2.0000
DOB BRA DOB 0.4712 6.0000
DOB DET 0.1508 2.4000
BRA FOB PLT 0.2783 0.0001
BRA COB PLT 0.2783 0.0001
BRA DOB PLT 0.2783 8.0000
GRA PLT 0.3711 16.0000
DET inside DET 15.1098 33.2000

Temperatures (7. qureq) and thermal model (7 ¢ 10eq) temperatures. Values of linear conductors (joining nodes A and B) before and after the
model fitting. Ambient case: 0 W. Intermediate case: 8 W. Hot case: 32 W. Average temperature of contact sensors and IR camera measures.

Correlation temperature difference of 5 °C
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of the physical geometry to simple shape volumes (cross-
sectional area of the heat path, A, and distance between node
centers /). Between two separated thermal nodes i and j, the
GL is calculated as

L 6)

Most of linear conductors (all joining elements along the
plane x—y, and in the vertical direction z if both joined ele-
ments are visible from top) can be adjusted with the tem-
perature difference between prepared areas in the infrared
camera. As the top view contains all the relevant parts of the
HSI, it is enough to fit the thermal model.

The temperatures obtained with the fitted thermal model
are presented together with the ones measured in the vac-
uum chamber in Figs. 9, 10, and 11. In the flight model (the
HSI inside the CubeSat), the conductive couplings between
the HSI and the rest of the structure is made by means of
four dampers, which will insulate it thermally. This fact
is considered in the tests separating the platform from the
vacuum chamber base plate with four long rods that will
reduce the linear conductors close to 0, see Eq. (2). How-
ever, this approximation of the HSI platform joints does not
aim to represent the flight boundary conditions from the
perspective of the thermo-elastic stress field, but rather to
enable unobstructed deformation to obtain the largest pos-
sible displacements and thus evaluate the performance of
the hyperspectral camera. In a similar manner, the radiative
environment in the tests is not representative of flight condi-
tions. The test campaign was to validate the thermal model
for being inserted into a thermo-elastic models chain. The
thermo-elastic model chain will give us the performance of
HSI with different conductive and radiative boundary condi-
tions, so the best design choices can be adopted for following
versions of the HYPSO CubeSat.

According to the European Cooperation for Space Stand-
ardization (ECSS) on thermal analysis [33], there are poten-
tial parameter variations that will produce uncertainties on
the thermal simulation predictions of the tests. Some of the
most relevant are: the chamber wall temperature of + 10 °C;
the temperature sensor measurement accuracy of+1.5 °C;
or the nodal-sensor position error of +3 °C. On the other
hand, there will also be a temperature difference between the
temperatures measured during the tests and the temperature
calculated by the thermal model. As stated in Ref. [34] for
internal units, a maximum temperature difference of +5 °C
is considered in our correlation process. Besides Ref. [34],
also establishes two additional correlation success criteria
for considering the thermal gradients between the differ-
ent parts of the instrument and the data dispersion: (a) the
temperature mean deviation within the range —2 to 2 °C;
and (b) the temperature standard deviation lower than 3 °C

Fig. 12 Example picture taken by the HSI detector at room tempera-
ture (in vacuum) with the argon light source. The x-axis is wavelength
(spectral axis), while the y-axis follows the slit length (spatial axis)
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Fig. 13 Comparison of spectral response seen by the HSI of the argon
lamp with and without vacuum at room temperature (0 W)

for 1 sigma. These parameters calculated in our correlation
process are presented in Table 10.

5.2 HSlimages

The optical performance of the HSI was characterized using
the pictures taken during the tests. An example of a picture
(spectrogram) taken at room temperature with the argon
lamp is shown in Fig. 12. In order to characterize the HSI,
the center position in the spatial axis (y-axis) of the image
was used to avoid smile effects. The peaks in the spectral
response (seen in Figs. 13 and 14) were then identified, and
the full width at half-maximum (FWHM) for some of these
peaks calculated by a Python script.

The spectral response was first compared before and after
the vacuum chamber was turned on, to see the effects of
vacuum, shown in Fig. 13. There is a slight change in the
response, the peaks get higher, but no spectral shifts are
visible.
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Fig. 14 Spectral response seen by the HSI of the argon lamp inside
the vacuum chamber for changing temperatures

The spectral response in vacuum with changing tempera-
ture can be seen in Fig. 14. There is a small change in the
response from O to 8W, as seen in the zoomed in box plots,
but less change in intensity than what was seen for vacuum/
no vacuum. There does, however, seem to be a small spec-
tral shift, moving the peaks from the warmer temperature
(8 W) to the right, toward the longer wavelengths. For 30 W,
however, a large spectral shift and change in intensity can
be seen. This is due to the argon lamp being moved slightly
between the 8 W and 30 W measurements. The spectral shift
can possibly be explained by this movement. Since the HIS
looks directly at the argon lamp, a small shift in lamp or HSI
position will cause the light rays to enter at a slightly differ-
ent position in the HSI front lens. Here, the field dependency
gets noticeable as the light through the slit assembly might
end up reaching the grating at a different angle. The angle a
on the blazed transmission grating, as seen in Fig. 3, might
therefore no longer be equal to 0, causing a difference in the
angle of the dispersed light f, resulting in a spectral shift
on the sensor.

The 30 W HSI measurement can therefore here not be
used to verify the model. It shows, however, that the idea of
the set-up works, but that the lamp either should be secured
to ensure no movement, or that a stronger lamp illuminating
a uniform diffuse surface should be used instead.

The FWHM values for the argon peaks can be seen in
Fig. 15 (measurement at 30 W not included since the meas-
urement is invalid due to movement in the set-up). Since
this is a measure of the width of the peaks, it gives informa-
tion about how the focusing of the light rays changes. It can
be seen that the values are almost the same for all peaks.
However, some deviations where the higher temperature
(8 W) shows lower FWHM values can be seen. The average
FWHM at room temperature (0 W) is 4.41 +0.55 nm, while
the average FWHM for 8W is 4.38 +0.54 nm, suggesting
that the general trend is lower values for 8 W. This indicates
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Fig. 15 Calculated FWHM for argon peaks in vacuum, at OW (room
temperature) and 8W

that the spectral focus has improved for these wavelengths
with higher temperatures. This can further be used to com-
pare with simulations and models of the optical response
with changing temperature.

6 Discussion

In the experimental set-up, the goal was to perform image
acquisitions in a vacuum chamber at three temperature levels
matching in-orbit normal image acquisition (around 20 °C),
increased image acquisition times (33 °C), and for succes-
sive increased image acquisition times (50 °C). As the cur-
rent set-up had no cooling system, the first temperature is
about 3 °C higher then we needed. One improvement to the
set-up could be to install a cooling system inside the vacuum
chamber to be able to cool parts. The higher temperatures
were reached with the heating pad set-up.

In the verification process, given a correlation accuracy
(in terms of temperature difference, temperature mean
deviation, and temperature standard deviation), the thermal
parameters with highest values of inaccuracy are first used
to fit the temperature maps between the simulations and the
tests. The linear conductors between HSI parts have been
demonstrated to be appropriate for this task. As shown in
Figs. 10 and 11, the temperature maps provided by the infra-
red camera include cables or electrical connections that in
thermal model are not modeled. The heat radiation emitted
by these hot cables may affect the temperatures of the sur-
rounding parts, so they constitute another uncertainty source
in the thermal model. To alleviate this uncertainty, the power
dissipation through the heater cables has been modeled
when the heaters are ON. The power dissipated in the cables
is the voltage square divided by the cable resistance, which
is equal to the electrical resistivity multiplied by the cable
length and divided by the cross-sectional area of the cable.
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In ESATAN, we have modeled this with a power assigned
to the heater, which is proportional to the heat power dissi-
pated all along the heater pad cable. As described in Sect. 4,
once the linear conductors within the model have been fit-
ted with the ambient thermal case, the virtual power of the
heaters in the TMM increased with an amount proportional
to the cable’s length that is close to that heater pad, up to
the model temperature which is within the predefined accu-
racy range of the test temperatures. Besides, the IR camera
measures radiation reflections in some areas, such as the
chamber plate in front of HSI, the top part of the brackets, or
in the + x side of the sensor head. These factors complicate
the process of model fitting. To solve this, the temperatures
in the center of representative nodes of the thermal model
are compared with the average temperature of the same com-
ponent in the IR camera images. The temperature distribu-
tion along the camera shows a gradient from the detector
to the front objective, but it becomes sharp in the interface
between the grating and the collimator objective. This may
be the consequence of the lack of a dedicated mechanical
joint between both parts, combined with the fact the brackets
applied pressure only in the z direction but not in the x direc-
tion. To prevent the reflection problems, the set-up with the
IR camera should be improved. We should not only validate
the temperatures we see with the temperature sensors, but
we should also verify the temperatures in more detail for
the reflecting components. One possible way could be to do
extra tests with emissivity labels on the reflecting materials.

For the nominal temperatures that the HSI experiences
on HYPSO-1 in orbit during normal operations (around
20 °C in HYPSO-1, OW in experiments), and longer image
acquisition (around 30 °C in HYPSO-1, and 8W in experi-
ments), no difference in intensity, and only a small spec-
tral shift is observed. The average FWHM decreases with a
higher temperature. However, in the work of Ref. [27], the
opposite relation was found; the FWHM increases with a
temperature increase in TVAC controlled environment. In
Ref. [27], it is discussed that additional temperature sen-
sors are required to ensure temperature stability before tak-
ing measurements. In the new set-up in this work, multiple
temperature sensors and an IR camera with live feed are
used to ensure that the temperatures in are stabilized. One
possible reason for the opposite relation found in our results
is that it could be that temperatures of the HSI components
in Ref. [27] were not stabilized yet. Another possible expla-
nation for this inconsistency is in the optical properties of
the HSI, as FWHM depends on whether the initial physical
focal length of the HSI is smaller or larger than the optimal
focal length. More experiments are needed to determine
this shift in direct or inverse relation between FWHM and
temperature. To determine this, a DUT with an initial physi-
cal focal length with a known deviation smaller than the
optimal focal length should be set up. Then, images should

be acquired throughout the full spectrum that the HSI can
capture (visible light to near IR) and the amount of meas-
urements done should be made statistically relevant. This
should be repeated mutatis mutandis for DUT with an initial
physical focal length with a larger deviation than the optimal
focal length. In addition, a (mathematical) optical model of
the HSI could be set up to study the effect of displacement
of each component of the HSI in more detail.

7 Conclusions

The development of thermal models for simulations and the
use of vacuum thermal tests for the verification of those
models are common practices in large space projects. Both
tests and simulations are essential to comprehend the impact
of design choices. However, in small satellites, low cost
and short design periods limit the possibility to have real-
istic thermal models. Less common is the development of
detailed thermal models of the CubeSat payload, and com-
pletely negligible the number of payload thermal models
that were verified by tests in a vacuum chamber (separately
from the CubeSat). In this paper, the detailed thermal model
of the hyperspectral imager onboard the CubeSat HYPSO is
presented, and its verification by comparing the temperature
maps with thermal vacuum tests. The set-up of a transpar-
ent vacuum chamber with the heater pads that provide some
thermal control in the DUT platform is presented. Besides,
functional tests on the HSI were performed, in such a way,
the chamber has been shown to be an appropriate test facility
to characterize the thermal performance of the hyperspectral
imager in a vacuum environment.
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