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Solar Orbiter is the next solar-heliospheric mission in the ESA Science Directorate. The 
mission will provide the next major step forward in the exploration of the Sun and the 
heliosphere investigating many of the fundamental problems in solar and heliospheric 
science. One of the main design drivers for Solar Orbiter is the thermal environment, 
determined by a total irradiance of 13 solar constants (17500 W/m2) due to the proximity 
with the Sun. The spacecraft is normally in sun-pointing attitude and is protected from 
severe solar energy by the Heat Shield. The Heat Shield was tested separately at subsystem 
level. To complete the STM thermal verification, it was decided to subject to Solar orbiter 
platform without heat shield to thermal balance test that was performed at IABG test 
facility in November- December 2015 

This paper will describe the Thermal Balance Test performed on the Solar Orbiter STM 
and the activities performed to correlate the thermal model and to show the verification of 
the STM thermal design. 

Nomenclature 
AU = Astronomical Unit 
CE = Cold Element 
FM = Flight Model 
HE = Hot Element 
IABG = Industrieanlagen Betriebsgesellschaft mbH 
LSS = Large Space Simulator 
ME = Medium Element 
MLI = Multi Layer Insulation 
OSR = Optical Solar Reflector 
S/C = Spacecraft 
SORA = Stood-Off Radiator Assembly 
STM = Structural Thermal Model 
TBT = Thermal Balance Test 
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Figure 1 The three science windows 

TMM = Thermal Mathematical Model 
 
SOLAR ORBITER Instruments 
 
EPD SIS   = Energetic Particle Detector - Suprathermal Ion Spectrograph 
EPD STEP   = Energetic Particle Detector - Supra Thermal Electron Proton 
EPD HET-EPT = Energetic Particle Detector - High Energy Telescope - Electron Proton Telescope 
EUI   = Extreme Ultraviolet Imager 
MAG OBS   = Magnetometer Outboard Sensor 
MAG IBS   = Magnetometer Inboard Sensor 
METIS   = Multi Element Telescope for Imaging and Spectroscopy, coronagraph 
PHI   = Polarimetric and Helioseismic Imager 
RPW ANT ENNA = Radio and Plasma Waves, Antennae 
RPW SCM   = Radio and Plasma Waves, Search-coil magnetometer 
SOLOHI   = Solar Orbiter Heliospheric Imager  
SPICE   = Spectral Imaging of the Coronal Environment 
STIX   = X-ray Spectrometer/Telescope 
SWA HIS   = Solar Wind Plasma Analyser - Heavy Ion sensor 
SWA PAS   = Solar Wind Plasma Analyser - Proton & Alpha sensor 
SWA EAS   = Solar Wind Plasma Analyser - Electron Analyser system 
 

I. Introduction 
 
HE ESA Solar Orbiter satellite, due for launch in 2018, will carry a suite of 10 instruments to observe the Sun 
from a vantage point never before achieved with any spacecraft.  

 
Solar Orbiter will be launched into an escape trajectory on a NASA-provided Atlas-V or Delta-IV launcher, with 

Ariane-V back-up. Subsequent mission phases are:  
• Launch & Early Orbit Phase of 7 days,  
• Near-Earth Commissioning Phase of 3 months, 
• Cruise Phase of about 3 years, during which it will make three gravity assisted maneuvers, first with Venus, 

then twice with the Earth. Between the first two maneuvers, Solar Orbiter will achieve its greatest distance 
from the Sun, at 1.47 AU. This is a key distance for sizing the spacecraft solar array, 

• Nominal Mission Phase of 3.8 years, where the spacecraft will enter its operational orbit around the Sun 
followed by an Extended Mission Phase of 2.5 years. Over these periods, Solar Orbiter performs 14 orbits 
of the Sun, with perihelions of 0.28AU and aphelions of 1.1 AU, during each of which there are three 
science windows of 10 days each (figure 
1).  

Both in-situ and remote sensing payloads operate 
within the windows. In-situ data are acquired at 
all other times. The operational orbit will be in 
resonance with Venus, providing the means for 
five gravity assisted maneuvers which will 
gradually increase the orbital inclination, 
enabling observations at increasingly higher solar 
latitude up to 33°. 
 

The primary science goals of Solar Orbiter 
involve answering fundamental questions on how 
processes on the Sun drive the properties and 
phenomena of the heliosphere. To achieve this, 
the payload complement consists of 6 remote 
sensing instruments and 4 in-situ instruments, 
which are to be operated simultaneously during 
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Figure 2 Instruments of Solar Orbiter 

the main science observation windows, 
thus providing simultaneous 
observations of phenomena on the 
solar surface with measurements at the 
location of the spacecraft (figure 2). 
There are three such observation 
windows of 10 days each per orbit, 
centered around perihelion and around 
the points of maximum and minimum 
solar latitude. For the remainder of the 
orbit, only the in-situ instruments will 
be collecting data. 

The remote sensing instruments 
(SPICE, STIX, EUI, METIS, PHI, 
SOLOHI) cover a range of 
wavelengths from visible to X-ray and 
provide simultaneous high resolution 
spectroscopy and imaging, while the 
in-situ instruments measure the solar 
wind constituents in terms of the 
plasma and electromagnetic fields and 
waves. The combination of solar disc instruments with coronagraphs also enables simultaneous observation of 
surface processes with those in the corona. 

 
The spacecraft itself is three-axis stabilized, with a heat-shield on one face, and is nominally sun-pointed 

throughout the mission. Figure 3 shows the location of the instruments on-board the spacecraft. The majority of the 
spacecraft and instruments are protected by this heat-shield such that their environment is relatively benign. 
Exceptions to this are the spacecraft appendages, i.e. the solar arrays and high gain antenna, along with those parts 
of the instruments which require a view of the Sun, e.g. the remote sensing instrument apertures. 
Several in-situ instrument sensors are placed on a boom in order to minimize the electromagnetic interference from 
the spacecraft and other instruments. 
 

The total spacecraft wet mass at launch is 1800 kg, including the total mass of the payload suite of 190.4 kg. 
 
The industrial team is led by Airbus Defense & Space at Stevenage (UK). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 3 Solar Orbiter in stowed configuration and exploded view 
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II. Spacecraft Thermal Verification Approach 
 

During its mission around the sun, Solar Orbiter will receive a solar flux of about 17500 W/m2 (i.e. 13 solar 
constants) at the perihelion at 0.28 AU and this is the major thermal design driver. To protect Solar Orbiter, a heat 
shield has been sized to provide a complete sun shielding of the platform. It acts as thermal insulation of the entire 
spacecraft including all equipment and parts of the structure within an 8º half-cone to cover both the operational 
modes of the satellite and maximum off-pointing when the satellite enters safe mode (figure 4). 

The Heat Shield allows the payload to function at its optimum temperature despite its proximity to the sun. A 
stable thermal environment is further achieved by conductively isolating the heat shield from the rest of the 
spacecraft by use of a series of discrete mounting blades and radiatively through the use of MLI.  

The protection it offers from large variations in thermal environment has helped simplify Solar Orbiter’s design 
by allowing conventional thermal control techniques to be implemented in the platform. This allows a greater degree 
of confidence to be placed in the thermal design by reducing the need to use new and innovative technology. 

The Heat Shield STM was equipped with Thermal Dummies of the feed throughs, doors and mechanisms and 
with a thermal simulator of the S/C platform and was tested in the ESTEC LSS solar simulation thermal vacuum 
chamber at heat shield assembly level at 10 SC. The Heat Shield design and test campaign was presented at ICES 
20151. 

The external appendages exposed to high solar illumination will be tested in their own verification campaign: 
HGA at PFM level with 10 SC, RPW Antennae heat shield with a flight representative heat flux, the SWA HIS 

and PAS instruments STMs at 10 SC. 
Since the beginning of the project, an STM approach has been defined to minimize the uncertainties induced by 

the fluxes exchanged by the Heat Shield to the S/C platform and the fluxes exchanged by the external appendages to 
the radiators. After a trade-off on the possible STM S/C thermal balance test configurations, it was decided to 
complete the STM thermal verification by a thermal balance test without high solar flux but only with a Heat Shield 
simulator at quite flight representative temperatures. The solar simulation is only needed to simulate the maneuvers 
at 0.95 AU when the sun can impinge on some lateral walls. The worst attitude for this case was found to be the +Z 
wall exposed to sun. 

III. Thermal Test Overview 
 

The purpose of the spacecraft STM Thermal Balance Test is to provide data for the correlation of the S/C 
thermal model to demonstrate that the design conforms to the specified performance requirements. Verification of 
this is established through analysis using thermal mathematical modelling and through appropriate testing on 
ground. The spacecraft thermal model is then correlated following STM test, and further refined with flight build 
standard following FM test. Overall thermal system performance is demonstrated via analysis of the correlated 
model. 

The Solar Orbiter STM program combined a flight standard thermal subsystem hardware with equipment 
Mass/Thermal Dummies (MTD) representing mass and thermal characteristics of  units and instruments. Monitoring 
and heater control for the STM TB test was performed using equipment provided by the test facility. 

MTDs were equipped with two types of heaters. Test heaters to simulate the power dissipation for the unit during 
the mission test phases. Additionally, flight heaters were used to simulate the thermal control heaters; these heaters 
were activated to ensure the temperature in the equipment TRP. 

External payloads units were equipped with survival heaters to guarantee the interface temperature. 
 
In flight the external appendages will reach high temperatures and their effect on the platform temperature needs 

to be taken into account in a thermal test. As the full deployment of these appendages did not fit into a thermal 
facility, the vacuum chamber was equipped with representative black painted plates used to simulate the IR heat 
loads on the platform due to the external appendage temperatures  

An STM test sequence was generated for Solar Orbiter thermal balance test. A number of phases were defined to 
represent the enveloping operations of the spacecraft (hot/cold science, maneuvers, hibernation mode). Multiple 
thermal balance phases have been defined to ensure sufficient information for the correlation of the platform thermal 
model. 
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IV. Test Objectives 
 

The objective of the STM thermal test campaign was to develop and demonstrate the thermal performances of 
Solar Orbiter prior to the FM test campaign in order to minimise risk. Demonstration of the spacecraft thermal AIV 
activities occurred during the STM thermal campaign. The key objectives of the Thermal Balance Test were: 

• verify and correlate the platform thermal model 
• demonstrate the adequacy of the spacecraft level thermal control, the payload radiator assemblies and the 

MLI covering, 
• verify the equipment thermal environments, 
• verify the control of payload interfaces, 
• verify the thermal power requirements in relation to heaters consumption required for TCS. 

 

V. Test Article 
 

The test article consisted of the Solar Orbiter STM Spacecraft platform including a thermally representative Heat 
Shield dummy, solar array simulators, RPW antennae dummies. The STM Spacecraft was mounted via its LVA ring 
to a Thermal Test Adaptor fixed to the IABG facility equipment via a Thermal Vacuum Adapter used also to support 
the Solar Array IR Simulators (figure 4). 
 

 
The Solar Orbiter STM Spacecraft comprised a structure subsystem built from: 

• a monolithic CFRP central cylinder and a cone constructed from CFRP face skins and Aluminium alloy 
honeycomb core, 

 

 
 

Figure 4 Solar Orbiter STM configuration 
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• two sets of tank support structures located inside the central cylinder, 
• four shear walls (Aluminium face skins with Aluminium alloy honeycomb core) laid-out radially, 

transmitting the load from the Heat Shield and all four outer panels to the central structure, 
• a top (+X) floor and a bottom (-X) floor, both constructed from Aluminium face skins with Aluminium alloy 

honeycomb core, 
• three panels supporting the payloads (-Y) & (-Y+Z) and the vast majority of the Spacecraft equipment (+Y). 

Both constructed from Aluminium face skins with Aluminium alloy honeycomb core, 
• four +/-Z outer access panels providing wide access to the payloads and spacecraft equipment. Both 

constructed from Aluminium face skins with Aluminium alloy honeycomb core. 
• MTDs to represent most of the equipment. 

 
The heat dissipation of the flight units was simulated via dedicated heaters located in the baseplate of the MTDs 

and was adapted during the test phases to flight levels. When needed to represent the TCS heaters, additional heaters 
were installed on the side walls of the MTDs. 

 
The Thermal dummies were designed to match the flight units in terms of: 
• overall enveloping external dimensions of the unit 
• thermal capacitance of the unit 
• finish that matches the unit thermo-optical properties 
• the baseplate area, surface roughness and number of attachment positions 
• representation of flight and unit simulation heaters. 

 
MTDs were used to represent: 
• all the 34 spacecraft and instrument electronic units installed on the internal sides of the panels, and the star 

tracker installed externally. An example MTD is shown in figure 5, 
• two external instrument units, 
• the wave guides (5 items), the two SADMs, reaction wheels dumpers, the CPS items, the 18 thrusters and 

their brackets, 
• the two propellant tanks and the pressurant tanks, 
• the five instrument optical units installed on –Y panel (STIX, EUI, METIS, PHI and SPICE), 
• the flux radiated by the RPW antennae to the S/C external items, 
• the Solar orbiter heat shield (figure 6). It consisted of four aluminium plates assembled together and installed 

on the platform through ten aluminium feet (the FM Heat Shield will be installed through ten Titanium 
feet). The heat shield was provided with heaters and thermocouples to achieve the needed temperature 
level, was covered by MLI on the external side and black painted on the side facing the platform. It was 
designed to provide the suitable radiative and conductive flux to the platform different for each test phase, 

• Some instrument STMs were used, two inside the platform (SPICE and PHI e-boxes) and four on the 
external side (SOLOHI optical unit, SWA HIS, SWA PAS, EPD EPT-HET 2). 
 

 

 

      
Figure 5 METIS Optical Unit MTD        Figure 6 Heat Shield MTD 
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The STM TCS was composed by: 
• MLI flight representative to insulate the platform external walls and the battery, 
• flight representative platform radiators on the external sides of the platform walls covered by OSR, 
• eight flight representative Stood-Off Radiators (SORA) (described below) located in front of –Y and +Z 

panels to guarantee the interface temperatures for the remote sensor instrument, 
• fillers to thermally couple the unit baseplates to the panels, 
• heat pipes (not redundant for STM) on the SORA and below some units on the +Y panel, 
• TCS heaters represented by the heaters installed on the MTD walls. 

 
 

 

A. Stood-Off Radiator Assembly (SORA) 
 
The five internal remote sensing instruments have very stringent temperature requirements at 0.28 AU that are 

listed in table 1 together with the maximum heat rejection. 
 

 
To minimize the dimensions of the radiators of these instruments and consequently the heater power need, it was 

necessary to insulate these radiators from the hottest spacecraft internal environment to the maximum extent. 
Therefore they were located in front of the supporting –Y and +Z panels thorugh insulating iso-static brackets.  

 
The radiators (figure 7) are thermally coupled to the instruments by flexible thermal straps and rigid bars made 

in pyrolytic graphite with aluminium end-fittings, wrapped by aluminised monolayer. In some case heat pipes are 
used to spread the heat on the radiator.  

 
Heaters have been sized to ensure that the minimum temperature limits are respected for the coldest conditions 

the spacecraft experiences during hibernation at 1.47 AU.  
 
To meet the STM schedule, only two flexible and two rigid bars were installed in the SORA STM. In all the 

other cases, the strap interface to the radiator was simulated by a heated interface block: 
 

 
 Max heat 

rejection  
W 

NOP Tmin 
°C 

OP Tmin 
°C 

OP Tmax 
°C 

NOP Tmax 
°C 

HE’s 21 -30 -20 +50 +60 
PHI CE 3.0 -35 -35 -10 +60 
SPICE CE 8.6 -47.5 -47.5 -32.5 +60 
EUI MEs 3.5 -40 -30 +20 +60 
EUI CEs 5.0 -75 -65 -50 +60 
METIS ME 4.3 -65 -50 -35 +60 
METIS CE 3.9 -85 -75 -60 +60 
STIX CE 2.0 -45 -45 -25 +60 
 

Table 1 Temperature limits and Heat Rejection requirements for the Remote Sensors 
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Figure 10 PHI HE configuration (heat pipe, strap and heater 

blocks) 
 

 

 
 
Figure 8 METIS CE configuration with the rigid bar 
 

 
 

 
Figure 7 SORA configuration for STM 

 

 

 
 

Figure 9 METIS ME configuration with HE 
heater block 

 



 
International Conference on Environmental Systems 

 
 

9 

 
 

B. Solar Array Simulator 
 
 
Two thermal plates were used to simulate the effect of the solar 

arrays during the TB test. The thermal plates were aluminium plates 
painted with Black paint and thermally controlled by electrical heaters 
and thermocouples to achieve a temperature of 60⁰C.  

The Simulator was installed to the TV Adapter through two I/F 
brackets. The figure 11 shows the assembly of the Solar simulator on 
the TV adaptor. 

 
 
 

C. Thermocouples 
 
A set of approximately 400 Thermocouples were defined for the Solar Orbiter STM Thermal Measurement 

Points Plan. Thermocouples were installed on all STM Spacecraft MTDs and structure and surrounding MGSE. All 
the thermocouples were covered by black or aluminized kapton tape depending on the surface finish of the structure. 
Additional thermocouples were used for the chamber walls and IABG test adapter I/F assembly. All the 
thermocouples were acquired by the IABG data acquisition system.  

In case of MTDs representing electronic units, one thermocouple was located on the TRP and two or more on the 
panel around the MTD baseplate to detect temperature gradients on the panel. 
Several thermocouples were located on the heat pipes below the PCDU and RIU. 
  

D. Heaters 
 

The spacecraft and the test setup were instrumented with 173 heater circuits. The heaters were supplied by IABG 
power supplies and were operated by IABG or Airbus D&S personnel. 

The heaters mounted on the STM Spacecraft were grouped into three categories: 
• Test Heaters (approximately 90) used to simulate heat dissipated through the operation of the units. 
• Thermal Control Subsystem Heaters (approximately 75) which represented those heaters that form part of the 

thermal control of the units. For schedule reasons, on the STM they were installed on the walls of the 
MTDs. In the FM it is planned to install all the TCS heaters on the structure panels close to the unit 
baseplates: to understand the different thermal behaviour of the heaters between STM and FM four 
additional heaters were installed in flight configuration to verify their efficiency and were used only in the 
phase TP08b. 

• Heaters to simulate the IR Heat emitted from the external appendages (IR simulators). These were used on 
the heat shield MTD, SA simulators and RPW Antennae MTDs. 

• Guard Heaters used on the interfaces with the test facility to reduce unwanted conductive heat loss. They 
were installed on the LVA ring and on the Thermal Test Adapter and in the thermocouples bundles that 
were wrapped in MLI blankets. 

 
The following table 2 shows the dissipations used in the four test phases on the internal units (STM and MTD 

items), on the external units (instruments and star trackers STMs and external MTDs), on the TCS heaters and on the 
various simulators (heat shield, RPW antennae, solar array simulators, LVA ring and adaptor). 

 

Figure 11 Solar Array simulator 



 
International Conference on Environmental Systems 

 
 

10 

 
 

VI. Test Set-up and Vacuum Chamber 

 
The SOLAR ORBITER STM was tested in the Space Simulation / Thermal Vacuum Test Chamber at the IABG 

facility. The spacecraft was mounted via the TTA (Thermal Test Adapter) attached to the spacecraft LVA ring on its 
–X face. The TTA was connected to the chamber via a Thermal Vacuum Adaptor, see figure 12. 

The Thermal Vacuum adaptor was monitored and temperature controlled during the thermal test so that the 
conductive heat flow from the S/C during the test was representative of the radiative heat flow in flight. It was 
equipped with 4 constantan wire heaters in pair configuration to hold the structure at an ambient temperature with an 
electrical power supply and was controlled by five thermocouples type T. The adapter was covered with crinkled 
Mylar foil.  

In addition, to minimize the heat leak, the LVA interface temperature was controlled using heaters installed on 
the facility interface, and the TTA surface facing the chamber was blanketed. 

The S/C was installed with the MY wall facing upward, allowing the PZ wall to be illuminated by the solar 
beam. This was to keep in horizontal orientation the heat pipes that are located on the SORA (MY) and the 
communication panel (PY) and allow their operation. 

The IABG space simulation test facility is designed to perform heat balance, thermal vacuum, verification and 
reliability tests on spacecraft, particularly on satellites and their subsystems e.g. antennas or solar panels. 

The test facility consists essentially of a horizontal cylindrical vessel with a front door, the thermal shrouds, the 
pumping system, the solar simulator, the motion system (not used in this test) and the data acquisition system.  

During the Solar Orbiter STM Thermal balance Test, solar simulation was provided to simulate the manoeuver 
phases at 0.95 AU when the sun can illuminate the sides of the spacecraft not protected by the Heat Shield. In the 
other phases, the sun beam was switched off. The rectangular solar beam was used to illuminate the full Heat Shield 
MTD. 

The thermal system consists of the thermal shroud sections and the appropriate liquid and gaseous nitrogen 
supply; its main characteristics are:. 

• Liquid Nitrogen < -175°C 
• Gaseous Nitrogen -10°C to -160°C 
• Surface properties of the painted thermal shrouds: εH ≥ 0.90, αs = 0.95 

 

 

 

 

TP02 
W 

TP04 
W 

TP06 
W 

TP08 
W 

Internal units 711 522 582 416 
External units 78 36 55 53 
TCS heaters 27 79 83 219 
Simulators and LVA 1474 212 312 243 
Total 2290 849 1032 931 

 
Table 2 Heater Power allocated to the several groups of heaters 
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                 Figure 12 Solar Orbiter STM 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The collimated off-axis system provides a rectangular solar beam of 3.05 m x 4.5 m. The solar simulator is 

equipped with 7 Xenon high pressure lamp modules with a nominal power of 20 kW each. The solar beam is 
radiated to the test plane through an optical integrator, a quartz window and the collimator. 

The Solar Illumination was calibrated prior to the Thermal Test Campaign. Main characteristcs were: 
• Intensity level, rectangular solar beam: 250 W/m² to 1,850 W/m² 
• Collimation angle: ≤ 2° 
• Irradiance uniformity in the test plane: ±4 % 
• Irradiance uniformity in the test volume (± 1.5 m): ±5 % 
• Intensity stability (temporal): ±0,5 % 
• Calibration accuracy: ±3 % 
• Surface properties of the collimator: εH ≥ 0.015, αs = 0.12 
• Temperature of the collimator : 32 °C ≤ T ≤ 38 °C 

The pressure during the thermal balance test was requested not to exceed a pressure of 0.001Pa.  

 
 



 
International Conference on Environmental Systems 

 
 

12 

 

 
 

Figure 14 Test phases overview 
 

 

VII. Test Description 
 
The thermal balance test phases defined for the Solar Orbiter STM Thermal Balance Test are described in the 

following table 3 and figure 14.  
 
The phase TP02 was aimed to represent the hottest case when the S/C +X axis is sun pointing at 0.28 AU but 

protected by the Heat Shield. In this phase all the instruments are operating and making science. The heat flux from 
the sun was simulated by setting the heat shield MTD to it hottest temperature. This test phase was used to verify the 
overall thermal control design and in particular the sizing of the radiators. 

 
The phase TP04 was chosen to represent the environment during the manoeuvres at 0.95 AU when the sun 

(about 1520 W/m2) can illuminate all the S/C sides. The illumination on the +Z side was defined as the hottest one. 
This is the only phase where the facility solar beam was used. 

 
The phase TP06 was aimed to represent the cold science operating case. The instruments are still operating. This 

was was needed to verify the heater sizing 
during the coldest operating phase. 

 
The phase TP08 was representing the 

coldest case called hibernation phase at 1.47 
AU. All the instrments are switched off and 
the S/C was at its lower dissipation level. 
This phase was used to verify the installed 
heater power and was splitted in two sub-
phases to compare the efficiency of two 
heater configurations: mounted walls and 
mounted on the panels close to the MTD 
baseplates.  
 

 

 
 

     Figure 13 Solar Orbiter in the Vacuum chamber 
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Phase # Test Name Description S/C Orientation wrt direction of Solar 

Illumination 
 

TP02 Balance at 
0.28 AU -
Hot 
Science 
phase 

The solar simulator is off. 
The S/C is sun pointing.  
The effect of the Sun at 0.28 AU will be 
simulated by dedicated heaters in the 
Heat Shield MTD, SA simulators and 
RPW Antennae. 
 
The S/C dissipation is at its maximum. 
All instruments ON. 
 

 
TP04 Balance at 

0.95 AU - 
Orbit 
Control 
Manoeuver 
at 0.95 AU 

The solar simulator is on at 1520 W/m2 
to represent illumination of +Z surface 
during OCM Type 1 at 0.95 AU. 
The heat Shield heaters are switched off,  
SA IR simulator to simulate flight 
representative radiative loads. 
 

 
TP06 Balance – 

Cold 
science at 
0.95 AU 

The solar simulator is off. 
The S/C is sun pointing.  
The effect of the Sun at 0.95 AU will be 
simulated by dedicated heaters in the 
Heat Shield MTD, SA simulators and 
RPW Antennae. 
 
All instruments ON. 
 

 
TP08a Balance – 

Cold non-
operating 
phase at 
1.47 AU 

The solar simulator is off. 
The S/C is sun pointing.  
The effect of the Sun at 1.47 AU will be 
simulated by dedicated heaters in the 
Heat Shield MTD, SA simulators and 
RPW Antennae. 
 
The S/C dissipation is at its minimum. 
All instruments OFF. 
TCS heaters on MTD walls are used 
where necessary. 
  

TP08b Balance – 
Cold non-
operating 
phase at 
1.47 AU 

The solar simulator is off. 
The S/C is sun pointing.  
The effect of the Sun at 1.47 AU will be 
simulated by dedicated heaters in the 
Heat Shield MTD, SA simulators and 
RPW Antennae. 
 
The S/C dissipation is at its minimum. 
All instruments OFF. 
TCS heaters on MTD walls are used 
where necessary. 
Demonstrates performance of panel 
mounted heaters for METIS Ebox, SWA 
EBox, PHI EBox and IMU ICU 2. 
 

 

 
Table 3 Solar Orbiter STM TB test phases 
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Table 4 shows the interface and environment temperatures applied during the test that will be used for the TMM 

correlation. 

 
 

VIII. Stabilization criterion 
 
It was agreed that a balance phase is declared successful when for at least 95% of all temperature readings, two 

60-minute averages taken five hours apart do not differ by more than 0.5°C, see Figure 14. 
This criterion is effective for the following components: 
• All units 
• Spacecraft structure 
• Heat Shield Dummy 
• IR Simulators 

MLI are not considered 
 
This criterium was met in all the test phases and the 

percent of TC was higher that 95% to allow the balance of all 
the thermocouples required for the correlation. 

 
 

 
Figure 14 Stabilization criterium 

 

 

test phase Description Shroud 
°C 

SA IR 
simulator 

°C 

Heat Shield 
°C 

TV adaptor 
°C 

Pressure 
[mbar] 

TP00 Pump down amb amb amb amb 9.9x10-6 

TP01/ 
TP02 

Hot balance transition/ 
Hot balance -185.4 60.0 29.8 20.0 3.21x10-6 

TP03/ 
TP04 

Hot off sun pointing transition/ 
 Hot off sun pointing balance -184.6 60.0 -11.6 20.1 2.87x10-6 

TP05/ 
TP06 

Cold science transition / 
 Cold science balance -185.7 10.0 -84.5 20.0 2.64x10-6 

TP07/ 
TP08a/TP08b 

Cold hibernation transition / 
 Cold hibernation balance -185.4 -15.0 -90.5 20.0 2.62x10-6 

TP09 Recovering room condition 23.5 23.0 23.3 21.5 1.01 

 
Table 4 Interface and environment temperatures 
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IX. Correlation steps and results 
 
The test started on the 23 November 2015 with the closing of the chamber door that were open again on the 2 

December 2015. No major prblems were found. A few heaters were found damaged just before the start of the test, 
some thermal analyses showed that their heater power could be replaced by additional heater power on adjacent 
heaters. Seven thermocouples were found damaged during the test, other ones in the same area were used for the 
correlation 

 
The correlation is not yet completed at the time of writing this paper, therefore only preliminary results are here 

presented. 
The first steps of the correlation was the modification of the geometrical model to take into account the actual 

characteristics of the test article. The main modifications were: 
• position and its thermo-optical properties of the Solar Array simulator,  
• the orientations and thermos-optical properties of the RPW Antenna MTDs, 
• correction of the SADM MLI, 
• updated the position of the EPD HET PY bracket 
• modification of the LVA internal MLI 
• updated the dimension of the Thermal Vacuum adapter. 

 
Then the Thermal Mathematical Model was updated: 

• improved the modelling of the heat pipe of PHI HE1 
• corrected the conductive couplings between the SWA Ebox, SPICE Ebox, EPC with their radiators 
• improved the model of the TWTs and their thermal doublers 
• improved the conductive couplings of Star trackers and Thrusters 

 
The following table 5 gives the present overall status of the correlation compared with the adopted correlation 

success criteria. The mean deviation requirement is already met in this first stage stage of the correlation. Instead 
additional work is necessary to improve the standard deviation. 

 

 
In addition to the two above requirements, the following one was also adopted following the ESA standards. 
 

       Temperature deviation for internal units < 5 °C 
 
Table 6 gives the present status for the internal units.  
Most of the temperature differences higher than 5 °C are in the phase TP04, where usually the TMM is 

predicting hotter than measured in the test. A verification of the MLI performance used on the S/C side illuminated 
by the solar beam will be done in the next step. 

In both hot phases TP02 and TP04, several thermocouples on the Communication panel are exceeding the 
required deviation. A correlation of that panel has still to be performed. 

The modelling of the propulsion tanks, the SADM, the LVA ring and the cone need also an additional 
correlation effort 

 
 requirement TP02 

Hot science 
TP04 

Hot off sun 
pointing 

TP06 
Cold science 

TP08 
Cold hibernation 

Mean deviation < 2 °C 1.1 °C -1.2 °C -1.7 °C -0.7 °C 
Standard deviation < 3 °C 4.2 °C 7.2 °C 5.1 °C 4.3 °C 
 

Table 5 Overall test results 
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TP02 Hot Science 

 
TP04 Hot sun pointing 

 
TP06 Cold Science 

 
TP08 Cold Hibernation 

 

Panel Unit 
Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

Comms Transponder 1 45.2 46.8 -1.5 44.1 29.1 15.0 0.4 -6.5 6.9 15.0 18.3 -3.3 

 
Transponder 2 31.0 31.7 -0.7 28.7 36.5 -7.8 -2.5 -6.4 3.9 1.8 4.6 -2.8 

 
TWT Xband1 28.5 22.4 6.2 27.3 23.2 4.1 -11.0 -14.4 3.4 0.7 -4.0 4.7 

 
TWT Xband2 33.1 38.5 -5.5 32.5 42.1 -9.6 -9.6 -13.6 4.0 6.0 13.0 -7.0 

 
EPC 1 27.7 21.9 5.7 27.8 35.0 -7.3 -7.9 -12.9 5.0 -2.5 -6.1 3.6 

 
EPC 2 32.7 34.6 -1.9 31.4 23.1 8.3 -9.1 -13.5 4.5 3.4 6.2 -2.8 

 
RFDA1 28.0 29.1 -1.1 28.5 32.0 -3.5 -2.3 -5.9 3.6 -1.3 -2.1 0.9 

 
RFDA2 28.1 29.1 -1.0 25.1 32.0 -7.0 -6.2 -5.9 -0.3 -4.2 -2.1 -2.1 

PY OBC baseplate 27.6 26.5 1.1 33.8 36.9 -3.1 4.4 6.7 -2.3 -4.5 -2.0 -2.6 

 
SSMM 31.9 30.3 1.6 35.3 37.3 -2.0 8.2 9.5 -1.3 -12.1 -15.6 3.5 

 
RIU 31.4 29.1 2.3 38.6 38.0 0.5 10.2 9.8 0.4 3.9 2.7 1.2 

 
PCDU 32.2 34.9 -2.7 39.2 44.6 -5.4 10.1 15.3 -5.1 3.2 7.5 -4.4 

 
Heat Pipe PCDU/RIU 31.2 27.6 3.6 38.1 36.5 1.6 10.0 8.5 1.4 3.7 1.5 2.2 

 
Heat Pipe PCDU 31.0 28.5 2.6 37.9 37.6 0.4 9.4 9.3 0.0 2.4 1.6 0.9 

 
IMU 200 GEU 33.9 35.5 -1.6 37.6 43.5 -5.9 9.0 14.5 -5.5 2.0 6.2 -4.2 

 
WDE 32.3 27.8 4.5 32.4 32.8 -0.4 8.1 5.2 2.9 4.1 0.1 4.0 

 
IMU 120 ICU 21.3 20.9 0.4 22.8 25.8 -3.0 -3.2 -2.7 -0.5 -5.8 -6.3 0.5 

 
SADE 26.8 25.8 1.0 26.8 29.6 -2.9 0.7 1.5 -0.7 -0.2 -1.3 1.2 

 
Battery 30.1 25.5 4.7 36.8 38.0 -1.3 5.0 9.0 -4.0 4.0 8.6 -4.6 

 
+Y SADM 17.8 16.9 0.9 23.5 27.9 -4.4 -4.5 -5.0 0.4 -9.2 -10.0 0.9 

MY PHI Ebox 30.2 33.4 -3.1 11.6 15.7 -4.1 -1.4 1.0 -2.4 -12.4 -12.9 0.5 

 
EUI Ebox 29.4 32.1 -2.6 24.0 27.8 -3.8 7.6 12.6 -5.0 -12.5 -12.6 0.0 

 
METIS Ebox 31.4 30.7 0.7 19.0 23.5 -4.5 8.0 8.9 -0.9 -8.3 -8.5 0.2 

 
EPD Ebox 28.4 29.4 -0.9 22.2 27.8 -5.6 2.3 4.3 -2.0 -8.8 -10.6 1.8 

 
RPW Ebox 26.0 27.1 -1.0 33.9 40.6 -6.7 4.5 8.4 -3.9 -12.4 -12.4 0.0 

 
-Y SADM 17.5 19.7 -2.1 17.5 29.9 -12.4 -4.6 1.8 -6.4 -15.8 -8.7 -7.1 

PZ SPICE Ebox 33.2 33.9 -0.6 32.4 49.6 -17.2 8.9 14.2 -5.2 -17.8 -21.1 3.3 

 
SWA Ebox 33.6 35.5 -1.9 38.4 51.9 -13.5 6.4 14.7 -8.2 -17.5 -19.6 2.1 

 
MAG Ebox 32.3 34.4 -2.1 39.5 54.5 -15.0 7.9 14.4 -6.5 -9.8 -13.1 3.3 

 
DEU 29.9 27.0 2.9 33.8 39.1 -5.4 1.6 2.8 -1.1 -9.0 -9.3 0.3 

MX MGA APME 28.7 25.4 3.2 40.4 38.8 1.6 7.7 12.4 -4.7 -1.4 4.6 -6.0 

 
HGA APME 28.9 31.0 -2.0 25.8 32.5 -6.7 8.8 10.1 -1.3 3.8 4.1 -0.4 

 
AMU 200 36.1 29.9 6.2 42.0 41.9 0.0 6.1 6.1 0.0 -1.4 -2.8 1.5 

  Pressurant Tank 27.9 25.7 2.2 24.7 26.3 -1.5 -1.6 -0.2 -1.5 -4.0 -4.5 0.5 

 
Lower Propellant Tank 23.7 24.4 -0.7 27.4 33.1 -5.6 30.2 31.4 -1.2 27.9 27.0 0.9 

 
Lower Propellant Tank 25.2 24.5 0.7 28.2 33.1 -4.9 38.9 31.2 7.8 36.7 26.7 10.0 

 
Upper Propellant Tank 28.6 26.6 2.0 29.5 33.6 -4.1 25.6 30.4 -4.8 20.3 25.0 -4.7 

 
Upper Propellant Tank 28.7 26.6 2.1 29.6 33.7 -4.1 39.9 30.5 9.4 34.2 25.1 9.1 

 
RW -Y-Z  25.2 25.4 -0.2 22.7 28.2 -5.5 9.3 4.8 4.5 14.4 14.4 0.1 

 
RW -Y+Z  27.8 26.0 1.8 35.4 36.8 -1.4 11.8 6.9 4.9 8.9 5.2 3.7 

 
RW +Y-Z  24.1 24.6 -0.6 23.4 30.9 -7.5 7.3 3.4 3.9 10.9 8.0 2.9 

 
RW +Y+Z  29.4 26.9 2.5 37.9 38.4 -0.5 12.8 8.3 4.5 11.8 9.0 2.8 

 
lower cylinder 22.5 23.0 -0.5 27.3 34.6 -7.4 13.8 13.5 0.2 11.4 8.1 3.3 

 
LVA ring 18.8 23.4 -4.6 24.5 32.7 -8.2 16.1 22.0 -5.9 15.6 19.5 -3.9 

 
Table 6 Correlation results 

  
Tables 7 presents the comparison of the SORA test measurements and TMM predictions. 
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TP02 Hot Science 

 
TP04 Hot sun pointing 

 
TP06 Cold Science 

 
TP08 Cold Hibernation 

 

Unit 
Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

Test 
°C 

TMM 
°C 

Delta T 
°C 

PHI HE 1 (strap) 30.2 32.2 -2.0 0.8 -1.6 2.3 16.4 20.2 -3.8 -13.4 -14.2 0.8 
on HP close to HE 1 11.2 13.2 -2.0 0.0 -2.3 2.3 -1.2 1.6 -2.8 -13.3 -14.2 0.9 
             PHI HE 2 block 14.4 

 
 
 

18.5 -0.2 -0.2 -2.7 2.5 2.4 7.1 -4.7 -13.4 -14.5 1.1 
PHI HE 2 IF on SORA 5.9 7.8 -0.7 -0.7 -3.1 2.4 -6.0 -1.1 -4.8 -13.7 -14.9 1.2 
             PHI HE 3 block 9.4 13.3 -3.9 -0.5 -2.7 2.2 -2.3 1.8 -4.2 -13.6 -14.5 0.9 
PHI HE 3 IF on SORA 5.4 8.3 -2.9       -14.6 -14.1 -0.5 
             PHI CE block -15.0 -17.5 2.6 -18.8 -22.3 3.5 -22.4 -19.4 -3.1 -25.2 -23.4 -1.8 
PHI CE SORA -18.8 -21.4 2.6 -21.4 -23.0 1.7 -26.7 -23.3 -3.4 -28.3 -24.3 -4.0 
             METIS CE block on bar -35.1 -38.4 3.3 -40.1 -50.4 10.3 -53.8 -55.4 1.6 -27.5 -24.6 -2.8 
METIS CE SORA -38.9 -47.0 8.1 -40.0 -52.7 12.7 -58.3 -65.1 6.8 -31.4 -31.7 0.3 
             METOS ME block -5.5 -17.0 11.5 -4.4 -15.3 10.9 -19.7 -23.6 3.9 -16.4 -17.4 1.0 
METIS ME SORA -6.4 -18.7 12.3 -4.8 -15.2 10.5 -21.8 -27.3 5.5 -18.0 -17.9 -0.2 
             METIS HE block on bar 31.2 34.6 -3.5 2.1 -2.3 4.3 12.4 23.5 -11.1 -23.8 -18.8 -5.1 
METIS HE  SORA 20.9 24.9 -4.0 2.2 -2.7 4.8 1.8 13.5 -11.7 -23.6 -19.2 -4.4 
             EUI CE 1 SORA -29.0 -37.4 8.4 -26.9 -38.3 11.5 -49.7 -50.3 0.6 -55.1 -60.3 5.3 
EUI CE 2 block -23.7 -32.3 8.6 -22.2 -35.4 13.2 -46.6 -49.0 2.4 -54.7 -60.6 5.9 
EUI CE SORA -26.5 -38.2 11.7 -24.3 -37.9 13.5 -51.7 -57.1 5.4 -59.4 -65.6 6.2 
             EUI ME 1 heater on HP 5.7 13.6 -7.9 -10.4 -12.7 2.3 -18.3 0.5 -18.8 -32.6 -25.0 -7.7 
EUI ME 1 SORA 4.3 11.3 -7.0 -10.5 -12.7 2.2 -19.5 -1.8 -17.7 -32.7 -25.0 -7.6 
             EUI ME 2 block 22.7 28.6 -5.9 5.9 -1.2 7.1 -5.4 7.7 -13.1 -26.2 -19.0 -7.2 
EUI ME 2 SORA 20.9 26.7 -5.9 6.0 -1.2 7.2 -7.1 5.8 -13.0 -26.2 -18.9 -7.3 
             EUI HE block 18.1 11.6 6.6 -10.4 -11.1 0.7 2.3 -2.4 4.7 -28.0 -23.4 -4.6 
EUI HE SORA -1.6 -2.1 0.5 -12.3 -13.4 1.1 -17.3 -15.8 -1.5 -30.2 -25.8 -4.4 
             STIX CE block -19.2 -23.3 4.1 -17.0 -31.7 14.7 -28.8 -28.0 -0.9 -33.4 -31.3 -2.1 
STIX CE SORA -26.2 -31.9 5.7 -19.8 -35.2 15.4 -37.9 -38.4 0.5 -41.0 -38.7 -2.3 
             SPICE CE block -36.0 -36.2 0.2 18.4 34.4 -16.0 -37.5 -35.3 -2.2 -34.4 -32.7 -1.6 
SPICE CE SORA -44.1 -43.0 -1.0 18.6 34.6 -16.0 -46.5 -42.7 -3.8 -42.6 -37.2 -5.5 
              

Table 7 SORA first correlation results 
 
The deviations on the SORA are more important than the ones of the internal units, but the correlation has not 

yet started. 
The correlation steps will include the verification of the heater power on the blocks, the MLI efficiency, the heat 

leak through the heater cables, the impact of the filler between the heater blocks and the SORA panel and between 
the straps and the panels, the effect of the external environments of the SORA panels. As for the internal units, the 
deviations in the case TP04 (sun illumination on the +Z side) are usually more important than the other cases. 

 
The comparison of the temperature results of sub-phases 8a and 8b showed that the four heaters installed on the 

panels are a bit less efficient of the equivalent ones installed on the units thermselves: the units are about 1 °C 
colder.  

 

X. Conclusions 
 
The STM thermal balance test was performed between 23 November and 2 December 2015 at IAGB, Ottobrunn. 

No major problems were found during the execution of the test although a small number of heaters and seven 
thermocouples were found damaged just before the start of the test. The redundancy within the test article meant 
these failures did not impact the success of the test. 
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The duration of the test was shorter than expected with 98% of the thermocouples reaching stabilisation in all 
test phases. This is likely due the faster than expected transitions between test phases. 

The correlation is still on-going but the results presented in this paper show that the internal units have already 
reached a good level of correlation. 

The correlation of the SORA has not yet been started, with the model showing important discrepancies between 
test and TMM results during solar simulation.  

 
Once the correlation will be completed, the demonstration of the adequacy of the spacecraft level thermal 

control, the payload radiator assemblies and environments and interfaces for the payloads will be performed using 
the S/C STM correlated thermal mathematical model completed with the integration of the models of the other 
major subsystems (Heat Shield, HGA, Solar Arrays) feeding into the Solar Orbiter PFM Thermal Campagin. 
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