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The Tropospheric Monitoring Instrument (TROPOMI) is delivered for launch in Q4 
2016 on ESAs Sentinel 5 Precursor spacecraft. The TROPOMI instrument has been 
developed under instrument prime responsibility of AIRBUS Defence and Space 
Netherlands BV and is jointly funded by ESA and the Kingdom of the Netherlands with NL 
Programme management by the Netherlands Space Office (NSO). The mission of this 
instrument is to perform observations on air quality and on sources and sinks of air quality 
and climate related gases and aerosols. TROPOMI is a passive Solar backscatter imaging 
spectrometer sensitive in several spectral bands from ultraviolet (UV) to Short Wave 
Infrared (SWIR), allowing deep penetration into the atmosphere, observing scattered 
radiation close to the Earth’s surface. The instrument’s spatial resolution of 7 x 7 km2 
results in a high fraction of cloud-free observations. The wide swath range allows daily 
Earth coverage.  The four 2D detectors in the instrument (SWIR, NIR, UVIS, UV) are 
cooled down to temperature levels varying from 140 K to 210 K to reduce the dark current 
output. 

The TROPOMI instrument has been subjected to Thermal Balance and Thermal 
Vacuum (TBTV) tests during Q4 of 2014 at Centre Spatial de Liege (CSL). A dedicated 
liquid nitrogen (LN2) shroud enclosure and conductive cooling ground support equipment 
(GSE) have been designed and built. The performance of the thermal control system (TCS) 
with respect to the temperature stability requirements has been verified by testing the 
response of the instrument to time varying thermal boundary conditions and various 
operational scenarios. The thermal model of the instrument has been correlated according to 
the test results. The correlated model has been used to generate in flight temperature and 
heater power predictions. Lessons learnt from the test are discussed and an outlook to the in 
orbit operations is given. 
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Nomenclature 
ADSN = AIRBUS Defence & Space Netherlands BV OMI = Ozone Monitoring Instrument  
ATC = Active Temperature Control OSR = Optical Solar Reflector 
CSL = Centre Spatial de Liege PCB = Printed Circuit Board 
CU = Calibration Unit PWM = Pulse Width Modulated 
CS = Cold Stage RC = Radiant Cooler 
CSL = Centre Spatial de Liege SC = Spacecraft 
DEM = Detector Module SPM = Spectrometer Module 
FoV = Field of View SSM = Second Surface Mirror 
FEE = Front End Electronics SWIR = ShortWave InfraRed 
FoV = Field of View TB / TV = Thermal Balance Thermal Vacuum 
HCS = Heater Control Station TBU = Thermal Bus Unit 
ICU = Instrument Control Unit TCS = Thermal Control System 
I/F = Interface TMM = Thermal Mathematical Model 
IS = Intermediate Stage TROPOMI = Tropospheric Monitoring Instrument 
mKpp = milli Kelvin Peak to Peak TSS = Telescope Support Structure 
MLI = Multi Layer Insulation UVIS = Ultraviolet VISible  
MPP = Multi Purpose Plate UVN = Ultraviolet Visible Near infrared 
NIR = Near InfraRed VDA = Vacuum Deposited Aluminium 
OBM = Optical Bench Module WS = Warm Stage 

I. Introduction 
he Tropospheric Monitoring Instrument (TROPOMI) is developed for launch in 2016 on ESAs Sentinel 5 
Precursor spacecraft, which is part of the Copernicus programme. The mission of this instrument is to perform  

observations of sources and sinks of air quality and climate related gases and aerosols. TROPOMI is a passive Solar 
backscatter imaging spectrometer sensitive in several spectral bands from ultraviolet (UV) to Short Wave Infrared 

(SWIR), allowing deep 
penetration into the atmosphere, 
observing scattered radiation 
close to the Earth’s surface. The 
instrument builds on heritage 
gained with the OMI instrument 
(Ozone Monitoring Instrument) 
on NASAs AURA satellite and 
the SCIAMACHY instrument 
on ESAs ENVISAT. 

T 
 

 

Figure I-1  TROPOMI spectral bands and products, compared with OMI, 
SCIAMACHY and GOME 
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A. Spacecraft Platform and Orbit 
The TROPOMI instrument will be flown on the 
Sentinel 5p spacecraft which is based on the AS250 
platform in a low earth (825 km) near polar sun 
synchronous orbit with a ascending node local time 
of 13:35. Orbit period is approximately 100 
minutes, of which approximately 1/3 is eclipse time. 
The nadir opening of the instrument is continuously 
earth pointed during nominal operation. 

B. Instrument configuration 
The TROPOMI instrument consists of two main 
optical assemblies: 
1) the UVN Optical Bench Module (UVN-OBM) 
housing the UV, Visible and Near-Infra Red channel 
spectrometer and  
2) the SWIR Spectrometer Module (SWIR-SPM) 
for measurement of Short-Wave-Infra Red 
radiation.Both modules share a Nadir-viewing 
telescope, which is integrated with the UVN-OBM. 
On the UVN-OBM a Calibration Unit (CU) is 
mounted that includes a baffle viewing in anti-flight 
direction, which is able to make use of the Sun as a 
calibration source. The UVN detectors are  
mounted on the OBM in three separate Detector 
Modules (DEMs), which also include the Front End 
Electronics (FEE) of the detectors. These main instrument modules are mounted on a common bench, the Telescope 

Support Structure (TSS). Also on the TSS is the 
SWIR Front End Electronics unit (SWIR-FEE) 
and the Thermal Bus Unit (TBU) which supports 
the heat pipes and flex links that regulate the 
various temperature levels in the instrument. The 
TSS is mounted on the spacecraft with three 
kinematic mounts. Next to the main instrument 
assembly at the TBU side, the Radiant Cooler 
(RC) is mounted. There are three main 
temperature levels on the instrument: warm 
(~293K), intermediate (~200K) and cold (~140K). 
The TBU transports heat generated on the 
instrument to the RC. Both the TBU and RC 
comprise the same three temperature levels as the 
instrument. All heat rejection interfaces between 
TBU and Instrument consist of flexible links that 
are designed for maximum heat conduction, while 
providing sufficient mechanical decoupling to 
maintain instrument alignment during launch and 
cooldown. Ammonia, ethane and methane 
heatpipes are used for heat transport in the TBU 
and RC. The heaters used for temperature control 
during nominal operation are controlled by the 
Instrument Control Unit (ICU), which is part of 
the internal payload of the SC. More information 
on the design of the thermal control system can be 

found in 2. 

 
Figure I-2  Artist impression of: TROPOMI Instrument 
(1) and Radiant Cooler (2) on the Topfloor of the AS250 
Spacecraft (3) with three deployab le solar arrays (4) 

 
Figure I-3  TROPOMI Instrument Overview: 
UVN Optical Bench Module (1), Calibration Unit (2), 
UVN Detector Modules (3), SWIR Spectrometer Module 
(4), SWIR Front End Electronics (5), Telescope Support 
Structure (6), Thermal Bus Unit (7), Nadir Field of View 
(8), Solar Field of View (9) 
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C. Instrument Requirements 
The main requirements on instrument temperature levels and temperature stability  are listed in Table I-1. 
 

TROPOMI item Operational 
Temperature 

[K] 

Temperature 
stability [mKpp] 

SWIR detector 140 80 
SWIR SPM 205 200 
SWIR grating 205 50 
UV1 detector 210 100 
UV2-VIS detector 220 100 
NIR detector 220 100 
UVN-OBM 293 500 
UVN DEMs SWIR FEE 293 500 
TSS 293 500 

Table I-1 Required temperature levels and stability 

D. Industrial workshare 
The TROPOMI instrument has been developed under instrument prime responsibility of AIRBUS Defence & Space 
Netherlands BV. The instrument modules UVN and SWIR have been developed, manufactured, integrated and 
tested respectively by TNO Science and Industry and Surrey Satellite Technology Ltd (SSTL). The Telescope 
Support Structure together with the thermal bus unit and the Radiant Cooler have been developed and manufactured 
by AIRBUS Defence & Space GmbH in Friedrichshafen. The spacecraft platform is under responsibility of 
AIRBUS Defence & Space Ltd in Stevenage. The UVN DEMs are developed and manufactured under the 
responsibility of RUAG Space Switzerland, while the ICU is developed and manufactured under the responsibility 
of RUAG Space AB Sweden.  

II. Thermal Test Setup 

In the period 24 September / 16 October 2014 the Tropomi 
instrument PFM (excluding Radiant Cooler) has been 
TB/TV tested in the Focal 5 chamber at Centre Spatial de 
Liege (CSL) in Liege, Belgium. The main test objectives 
were: Verification of the Thermal Control Subsystem (TCS), 
including flight thermal hardware (heaters, sensors, flex 
links, ICU temperature control loops) / Obtaining test data 
for validation of the Thermal Mathematical Model (TMM) 
by correlation / Execution of thermal vacuum cycles to 
qualify the PFM assembly / Measure the optical response of 
the instrument on a flight representative varying thermal 
environment via a calibration light source and an optical 
fibre 

A. Test Philosophy 
Out of the several subsystems of which the TROPOMI 

instrument consists, the UVN DEMs and SWIR SPM have 
been subjected to a dedicated TBTV test prior to instrument level integration. These subsystems include the 
intermediate and cold stage equipments, which are most critical in terms of control of parasitic heat leaks. After 
instrument level integration, the complete Tropomi instrument PFM has been transported to Liege for TBTV testing. 
The Radiant Cooler has been tested in a dedicated TBTV test campaign by Airbus D&S Friedrichshafen at IABG in 
Ottobrunn. 

After completion of their respective TBTV tests, the instrument and radiant cooler have both been mounted on 
the AS250 platform. A TBTV test on the complete SC including its payload has been done to verify the performance 

 
Figure II-1  Instrument in shroud enclosure in 
Focal 5 Chamber at CSL 
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of the platform. The Tropomi instrument has seen only functional tests during this TBTV campaign. In this paper 
the TBTV test at Tropomi instrument level is discussed. 

B. Test Configuration 
The instrument was tested 

without solar simulation and at 
a fixed position with respect to 
the shrouds on the Multi-
Purpose Plate (MPP). A 
dedicated enclosure of cold 
LN2 shrouds has been 
supplied by CSL to simulate a  

cold space radiative 
environment. Test MLI is used 
to close the gap between the 
MPP and the shroud enclosure. 
The orientation of the 
instrument is such that all 
TBU heat pipes are horizontal 
to ensure proper functioning.  

The instrument is cooled 
by temperature controlled GSE 

I/F plates. The PFM ICU including flight harness is part of the test setup for overall instrument control and in 
particular its temperature regulation using the available sensors and heaters. Test harness (temperature sensors and 
test heaters) are bundled and connected via a feed through to control racks outside the chamber. The ICU is 
connected via a feed through to the EGSE system outside the chamber. Guard heating is applied to harness bundles 
that connect to cold parts of the instrument to minimize the impact of its presence on the heat balance of the test 
item. An optical fibre has been installed in the chamber. Via a feedthrough this fibre provides an optical interface 
between a calibration light source outside the chamber and the instrument inside the chamber via the Solar opening. 
MLI fins (400mm length) were fitted around the CU facing -X shroud inside the shroud enclosure. These MLI fins 
serve to limit the influence of –X shroud temperature changes on the other adjacent shrouds during the simulation of 
orbital environment disturbances which were foreseen to take place during the test. These blankets are made-up with 
aluminised Mylar external cover layers on both sides. 

C. Monitoring and Control 
Control of the test has been performed using 

the ICU EGSE and the ADSN Heater Control 
Station (HCS). The ICU provides control and 
monitoring functions for the instrument and its 
flight thermal control system during the test. The 
ICU is connected to the ICU EGSE via a test 
harness fed through the vacuum chamber wall. 
The ICU EGSE, located outside the test chamber, 
manages the power supply to the ICU, provides all 
commands to the ICU and receives the telemetry 
stream from the ICU.  

The ADSN Heater Control Station provides 
the following functions: Power supply, monitoring 
and control for the instrument decontamination 
and survival heaters which are monitored and 
controlled directly by the spacecraft in flight. / 
Power supply, monitoring and control for the test 
heaters located on the instrument interface plates 
and the MPP and all other test heaters included in 
the test configuration. 

 

Figure II-2   Overview of Test Configuration ) 

 
Figure II-3  Detailed view of test GSE for RC simulation 
during Instrument TBTV test 
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The CSL Data Acquisition Unit provides the following functions:  Monitoring function for the spacecraft 

housekeeping temperature sensors located on the instrument. /  Monitoring function for the PT100 sensors located 
on the shrouds. During the TB/TV test the temperatures of the following test equipment will be controlled such as to 
expose the instrument to the required thermal environmental conditions for each test phase:  The thermal shrouds 
surrounding the test set-up ; The RC simulator coldplate ;  The RC interface plate temperatures ‘;  The MPP 
coldplate temperature ; The MPP temperature ;  The ICU coldplate temperature. A total number of 130 
thermocouples have been used during the test for monitoring the instrument and the ground support equipment. 

 
Figure II-4  Monitoring and Control interfaces during TBTV test 
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III. Thermal Test Sequence 
Multiple steady state cases and one stability test have been performed at various temperature levels in order to 

correlate temperatures, heater powers and sensitivities. Data recorded during quasi steady state cases that were 

reached at end of phase of the vacuum cycles is used for additional checking. Steady states were reached for the 
following operational cases (see Figure III-1): Decontamination (step 3), Survival (Step 5), Cold Nominal 
Operations (Step 6), Hot Nominal Operations (Step 9). After conclusion of the performance testing the instrument 
has been subjected to thermal cycling for qualification. The performance testing is discussed below. 

D. Non Operational Test Phases  
After pump down and bake out the decontamination phase was started. For in flight decontamination purposes 

the instrument will be raised in temperature to an average temperature level of 300K. In flight these temperature 
levels are reached using heaters on the radiant cooler, aided by several heaters on the instrument on locations that 
are not hard coupled to the radiant cooler, i.e. the TSS and the CU. This is simulated in test by raising the Radiant 
Cooler simulator interfaces to the predicted flight temperatures and activating the SC controlled decontamination 
heaters on the instrument using the EGSE. The same approach has been followed for the survival case. 

E. Operational Test Phases 
Two steady states were tested in the nominal operational temperature range in order to determine the sensitivity in 
terms of heater power versus temperatures for the ICU controlled ATC loops. The objective of the “Full 
performance ATC” phase in the TBTV test programme is to check temperature stability of the instrument under time 
dependent environmental conditions and CU dissipation. It was foreseen to raise the temperature of one of the cold 
shrouds to simulate radiative heat input on the calibration unit and its optical openings. This has however been 
discarded for reasons related to contamination risk, see section F. Since the cycle period was determined by the 
heating and cooling of the –X shroud, there is now effectively no cycle in the radiative test environment anymore, 
but a sequence of events that simulate the critical orbital period where the instrument makes a transition from sunlit 
to eclipse. In orbit this is the period where the instrument gets direct sun on the CU (via solar baffle), the CU is used 
for calibration and the cooler I/F temperatures will show a slight excursion. Outside of this critical period there are 
no deviations on thermal environment anymore, so there is also no need to maintain the original time period that was 
defined based on heat up and cool down of the –X shroud. The stability of all critical components on the instrument 
were checked by sequentially varying the following parameters: 

 
Figure III-1  Schematic Overview of Instrument and GSE Temperatures during TBTV test 

Decontamination TB 

Survival TB 
 

Cold Nom Op TB Hot Nom Op TB 
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• Orbital variation of radiative heat sink of the radiant cooler: warm stage, intermediate stage and cold 
stage cooling GSE interface temperatures with a representative block profile 

• Orbital variation of radiative inputs on the CU: Representative block pulse on the  SC controlled heater 
on the CU 

• Orbital variation of the dissipation in the CU: running of an actual worst case calibration scenario, 
activating motors and light sources in the CU. 

F. Anomalies during test 
Several anomalies have been observed during the test. The guard heating system of the harness did not perform 

as expected. Post test inspection showed that the cooling connection between the harness bundles and the MPP cold 
plate was not perfoming sufficient to ensure overcooling during all phases. This effect was corrected for during 
correlation of the thermal model. 

The optical fibre that was installed to perform optical perfomance test during nominal operations testing did not 
provide sufficient optical throughput to obtain a useable signal on the instrument. It was concluded that a 
malfunction existed in the fibre. Specific tests using this fibre have been relocated to and performed during the 
calibration campaign. During these tests the instrument was thermally stimulated by varying instrument and GSE 
heater power while observing the optical response during these variations. 

During cool down after pumpdown it became apparent that the contamination level decreased considerably 
slower than expected based on the experience built up in pre-environmental test. This was attributed to outgassing of 
test blankets with deposition of outgassing products on the cold shrouds. Based on these findings it was decided that 
the risk of contaminating the instrument would be too high when heating up the –X shroud during the test. The 
contaminants could then migrate from the heated shroud to the colder instrument, violating the strict contamination 
requirements on the optics and detectors. The simulation of heat inputs during nominal operations was eventually 
performed using flight heaters intended for non operational phases. Flight predictions of the effect of varying flux 
input have been generated using the correlated instrument thermal model. 

During nominal operation steady states the SWIR detector control loop is controlling the temperature, however 
the temperature of the dector shows a sine wave between 140.77 – 141K with a commanded set point of 140K. The 
period of the temperature oscillation on the SWIR detector is about 80 second. After the TBTV test further 
investigations were performed and it has been concluded that the cause for the unstable behaviour was due to a 
conversion error in the control parameters commanding chain. This has now been corrected. Compliant behaviour of 
the control loop has been verified by analysis and test (post environmental testing at operational temperatures). 

 
Several thermocouples located on the UVN detector cooling chain of the instrument gave suspect readings that 

were contradictory to the readings of other thermocouples in their vicinity. These thermocouple readings have been 
discarded during correlations. These particular thermocouples were attached to the instrument prior to vibration 
testing (unlike other thermocouples) due to accesibility constraints. Although post test inspection showed no visible 
sign of degradation or detachment, it was concluded that the most likely scenario is that the thermocouples have 
been negatively affected by the vibration test campaign. 

 
Figure III-2   SWIR Detector temperature fluctuation during nominal operation phase 
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IV.  Thermal Model Correlation 
The four steady state test phases, performed during TBTV test, were used to correlate the thermal geometrical 

and mathematical model. In addition the cycle cases were used for correlation as well. During the dwell period of 
the cycles the temperatures stabilized to an approximate steady state situation. However, as the instrument was not 
completely in steady state, these cases were only used for validation and they are not the driving correlation cases.  

The objective of the correlation is to bring predicted temperature and power values as close as possible to the 
measured values. All subsystems are temperature controlled and therefore the heater power and the temperature to 
power sensitivity is critical for the correlation.  

After TBTV test the thermal model was adapted to be consistent with the TBTV “as run” status (boundary 
conditions and temperature setpoints). The correlation was executed in three major steps. In the first stage the DEM 
detectors were correlated. In the second correlation stage the SWIR OBM and the cold stage were correlated and 
finally the warm stage including the TSS was correlated. The first iteration correlation of the UVN detector modules 
and SWIR OBM and detector is executed using a condensed model of the detector and the SWIR to identify the 
critical parameters. These parameters were later fine tuned in the overall model. 

The SWIR and DEM sub models were already correlated on component level. Because the instrument TB test 
provides a much more realistic thermal environment than the component level tests, the DEMS and the SWIR 
including their detectors are taken into account in the correlation. The correlation of the DEMs and SWIR including 
detectors focus on the critical thermal parameters: heater power and sensitivity, heat leak and critical temperatures. 

A. Description of parameter modifications 
Semi flexible link conductance: The contact conductance of the semi flexible link interface with the SWIR and 

TBU is increased from  ~1000 W/m2K to ~3000W/m2K.  
Infra-red emissivity / view factors to MLI tent: In the previous section it was shown that the heat leak to the 

environment is underestimated in the predictions. A closer look at the UVN OBM gives two possible causes: 
• The external surface of the some of the optical mounts is black which will give a high local infrared 

emissivity instead of the assumed Alodine infra-red emissivity of 0.05[-].  
• The geometrical model is modelled as flat external surfaces. The actual flight model geometry is not flat but 

has a lot of cavities that will contribute to a higher effective emissivity (up to a factor 5 for typical optical bench 
geometries). The radiative coupling for the UVN OBM to the tent is increased by a factor 4.8. This effect is also 
present for the radiative couplings from the DEM housings (2.5x) and the CU (1.7x) to the MLI. The nadir port has 
a complex shape which contributes to the uncertainty of the radiative couplings to the environment. An increase of 
the view factor of 20% is within a normal uncertainty band. The same rationale holds for the solar baffle. The 
telescope shield interface conductance is increased by 30%. This is considered to be within the normal uncertainty 
band for contact conductance’s and conduction through bolt joints. 

MLI tent performance: The MLI through conductance is increased. The lower MLI performance is due to the 
relatively complex shape and also the relatively small blankets.  

Set point correction UVN OBM: Although the temperatures of both control loops on the UVN OBM are 
controlled to the same set-point temperature, the temperatures in test are lower than the predicted temperatures. This 
is considered to be a local effect caused by the temperature gradient in the UVN OBM to TBU interface bracket. 
The total amount of heat that is transferred through the flexible link amounts to ~8Watt. This can easily create a 
temperature gradient of the order of 1K/cm. Although the lumped parameter model of the UVN OBM is modelled in 
detail (5 nodes for the bracket only and approximately 90 nodes for the complete UVN OBM), the thermal node 
distribution is still too coarse to model this effect. 

B. Correlation Conclusions  
Correlation for cold, intermediate and warm stage executed. The following conclusions can be drawn from the 

correlation results. 
• The residual deltas of all temperature averages are lower than 2K during the full performance operational 

cases. During the survival cases the maximum delta is 4.5K. 
• The temperature average delta of the calibration unit is 1.2K. The heater power and the sensitivity are within 

acceptable range. The high average temperature delta is caused by the low temperature of the UVN OBM. 
The CU and the UVN are conductively coupled. The local temperature at the interface section of the 
calibration unit with the UVN is therefore lower than the controlled temperature. This effect is expected to 
be present during test. However, no thermocouples were located directly at the interface to the UVN OBM. 
Therefore this effect could not be monitored during test. 
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Correlation Parameter Criterion Result 
Temperature mean deviation (Nominal Operation Cases) +/- 2K +/- 2K 
Temperature mean deviation (Survival Cases) +/- 5K +/- 4.5K 
UVN & SWIR Detector / SWIR Spectrometer individual 
heater power (Nominal Operation Cases) 

10% < 6% 

Warm stage heater power mean deviation 10% 5% 
Table IV-1 Correlation Summary 

 
• During survival cases the temperature delta is higher because only the interface plates are temperature 

controlled. The component average temperatures are 2K to 4.5K lower than measured. This is a non-
operational mode for which the TCS should keep the instrument above the applicable design limits. No 
stability requirements are applicable for this case. This 4.5K delta should however be taken into account in 
the post test uncertainty for the flight prediction analyses. 

• Heater powers match well. 
• The maximum residual delta in the individual heater powers of Warm Stage (WS) equipment in the full 

performance nominal operating case is 17%. The warm stage heater power mean deviation is 5% 
• All predicted UVN and SWIR detector heater powers are within 5% of the measured value 
• SWIR spectrometer heater predicted power is within 6% of the measured value 

Sensitivities are within acceptable range. Residual heater power margin during flight will be used to cover these 
deltas. 

 

V. Flight Predictions and in orbit operations 
The results from both the instrument TBTV test and the Radiant Cooler TBTV test were used to obtain a complete 
correlated model including the radiant cooler. This model has been used to generate flight predictions. The main 
outputs of these flight predictions were: 

• The final heater settings in terms of temperature setpoints 
and applied level heating on the UVN OBM. All 
temperature and heater settings remain within the 
required ranges while leaving sufficient margin to 
account for degradation and aging effects of the surface 
coatings and thermal hardware in flight.  

• The trimfactor for the warm stage radiator. Low emissivity 
trimming foil has been applied to the radiator after test 
and before integration of the radiant cooler on the 
spacecraft, see Figure V-1. 

VI. Conclusion 
The TBTV test of the Tropomi Instrument PFM has been 

succesfully performed in close cooperation with CSL. Data 
acquired during this test has been used to correlate the thermal 
model of the instrument. This correlated thermal model has been used to generate flight predictions for the design 
operating (hot and cold) and non-operating cases (survival and decontamination). The analysis results show that the 
thermal control system is able to control the instrument at operational temperature throughout the whole lifetime. 
Flight temperature settings and the trim factor for the warm stage radiator are defined. Instructions for in flight 
operations of the thermal control system are given. The PFM Tropomi instument is qualified and performance of the 
ATC control loops is directly verified. 
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