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A good thermal model-to-test correlation is crucial in space projects in order to validate 
thermal mathematical models and reduce their uncertainty for other scenarios predictions. 
The correlation consists mainly in adjusting the model parameters so that they fit the 
experimental data within certain margins previously defined. This task is often performed 
manually, and the process requires engineering knowledge and experience to reach a 
successful result. However, the results obtained this way are not the optimum, and with the 
aid of a mathematical tool, the correlation process could be improved, considering in this case 
the correlation process as the minimization of the error of the model predictions with regard 
to test data. Following this approach, a simple method is presented for thermal balance tests 
correlations, that is, for steady-state cases. The method is based on using Jacobian matrix 
formulation and Moore-Penrose pseudo-inversion. The formulation allows the correlation of 
a model with several load cases, as it is usually the case in space projects, where at least a hot 
thermal balance and a cold thermal balance are tested. As an example of the method, it has 
been applied to thermal mathematical model of the Optics Unit of the instrument PHI of the 
ESA Solar Orbiter mission, expected to be launched in February 2020. 

Nomenclature 
AC = Aperture Collars 
AU = Astronomic Unit 
C1 =  Case 1 (Hot Operational Case) 
C2 =  Case 2 (Cold Operational Case) 
CDR = Critical Design Review 
CFRP = Carbon Fibre Reinforced Polymer 
CP =  Connector panel 
CPC =  Common Power Converter 
CT = Correlation Tracker 
DTMM =  Detailed TMM 
DGTMM =  Detailed GMM and TMM 
EX =  Error in the parameters vector 
ET = Error in the temperature vector 
E2E = End-to-end 
ESA = European Space Agency 
FDT = Full Disk Telescope 
FG = Filtergraph 
FP = Front Panel 
FPA = Focal Plane Assembly 
FSM = Feed Select Mechanism 
FT = Feedthrough 
GL = Linear Conductor 
GMM = Geometrical Mathematical Model 
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HK = Housekeeping 
HPMP =  HRT Polarization Modulation Package 
HREW = Heat Rejecting Entrance Windows 
HRM = HRT Re-Focus Mechanism 
HRT =  High Resolution Telescope 
IDR = Instituto Universitario de Microgravedad ''Ignacio Da Riva'' 
M = Jacobian Matrix 
M1 = Primary Mirror 
M2 = Secondary Mirror 
MCRT = Monte Carlo Ray Tracing 
MLI = Multi-layer Insulation 
MPS = Max-Planck-Institut für Sonnensystemforschung 
NN =  Number of nodes 
NP =  Number of parameters 
OB = Optics Baffle 
PFM = Proto Flight Model 
PHI = Polarimetric and Helioseismic Imager 
RB =  Rear Panel 
RGMM =  Geometrical Mathematical Model 
RTMM =  Reduced TMM 
S/C = Spacecraft 
t = Temperature fluctuation 
tR = Temperature fluctuation with respect reference data 
TMM = Thermal Mathematical Model 
TBT = Thermal Balance Test 
TVT =  Thermal Vacuum Test 
x = Parameter fluctuation  
x* = Correction in the parameter´s vector 
X = Parameter 
 
 

I. Introduction 
HE thermal mathematical model plays a very important role during all the phases of a space mission. In order to 
have a reliable model, it has to be correlated with thermal tests to ensure that the instrument will behave as 

predicted.  
 Quite often, the correlation process is performed manually. In this case, good engineering skills and expertise is 
needed. However, to facilitate the process, the use of mathematical tools can be of great help1,2,3,4,5. The goal of these 
tools is to reduce the correlation time and minimize the error of the model results with regard to the reference data. 
Therefore, the correlation process can be considered as an optimization problem. In most cases, the thermal 
mathematical model to be correlated has been built with an estimation of the parameters based on good engineering 
knowledge. This means that the values of the parameters to be adjusted during the correlation are not really far from 
the optimum solution. If the iteration is started with these estimated initial values, the thermal mathematical models 
usually show a smooth and monotonous dependence on the parameters. The method here proposed is based on the 
manipulation of the Jacobian matrix. The advantage with respect to previous methods is that many load cases can be 
correlated simultaneously. 
 The correlation method resented has been implemented on the PHI Optics Unit (Polarimetric Helioseismic Imager) 
of Solar Orbiter mission6. In order to test the method in a small model, the reduced thermal mathematical model 
(RTMM) of the unit has been correlated with the data from PHI thermal vacuum test campaign (PHI E2E Test). This 
RTMM had previously been correlated with a detailed mathematical model (DTMM). 
 Solar Orbiter is a European Space Agency (ESA) mission whose main scientific objective is to understand how 
the Sun creates and modifies the heliosphere. It is a size-M mission scheduled to be launched in February of 2020 
with an Atlas V Rocket from Cape Canaveral. It will reach a solar latitude of 34º with the perihelion of the orbit at 
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0.28 AU. During the perihelion, Solar Orbiter will receive a solar load equivalent to 13 solar constants. This makes 
the thermal design of the instruments onboard a difficult task. 

II. Thermal Mathematical Model 

A. PHI Optics Unit  
PHI Optics Unit, with a size of 800 mm x 

400 mm x 300 mm, consists of two structural 
blocks, made of the aluminium-beryllium alloy 
AlBeMet 162, joined to each other by six CFRP 
struts and a honeycomb panel. Attached to each 
aluminium block, one can find the different 
optical subsystems, their mechanisms, and the 
associated proximity electronics. The 
subsystems of this unit are: Primary Mirror 
(M1), Secondary Mirror (M2), Optics Baffle 
(OB), Common Power Converter (CPC), 
Correlation Tracker (CT), HRT Polarization 
Modulation Package (HPMP), HRT Re-Focus 
Mechanism (HRM), M4 assembly (M4), Full 
Disk Telescope (FDT), Feed Select Mechanism 
(FSM), Filtergraph (FG), and Focal Plane 
Assembly (FPA). In addition to this unit, two 
filters systems, the Heat Rejecting Entrance 
Windows (HREW), located in the entrance 
feed-through are also part of the instrument. 
Their purpose is to reject to space the solar radiation which is not of interest for PHI science, that is, they allow only 
a narrow band of electromagnetic radiation around 617.3 nm to enter the instrument. In addition to the subsystems, a 
connector panel (CP) is located on the Rear Block (RB), behind the Primary Mirror. All the elements within the optical 
cavity, with the exception of the optical elements (mirrors, lenses, etc.), are painted black to avoid straylight problems. 

The unit is wrapped in 12-layer MLI to minimize the thermal radiation to the S/C. For cleanliness reasons the 
internal layers are VDA embossed perforated kapton. The inner surface is black kapton to avoid straylight within the 
unit and the outer layer is VDA-kapton, highly reflective to decouple the unit from the spacecraft. The MLI is held by 
means of an auxiliary support structure and is attached to the telescopes apertures by means of two Al7075 aluminum 
alloy rings. A photograph of PHI Optics Unit FM is shown in Figure 1. 

B. Thermal and Geometrical Mathematical Model 
As already said above, the thermal and geometrical model used to test and demonstrate the performance of the 

correlation method here presented is the RTMM derived from the DTMM. This way, the number of parameters is 
small enough to be able to trace their behavior. The software tool used for set up the models and the analysis is 
ESATAN-TMS, as recommended by ESA for the Solar Orbiter mission.  

The DTMM was presented in Ref. 7, and the corresponding RTMM was obtained from that DTMM keeping an 
accurate representation of the thermal behavior, in terms of both temperatures and heat fluxes. The deviations between 
the two models were kept inside the allowable margins, which are: 

- Maximum temperature difference between DTMM and RTMM < 3K for internal equipment  
and < 20K for MLIs 

- Difference in the heat flux across S/C interfaces < 10 % 
- Difference in the consumed heater power < 10 % 
The detailed geometrical mathematical model (DGMM) is shown in Figure 2 whereas the reduced geometrical 

mathematical model (RGMM) is shown in Figure 3. In both figures the MLI and the MLI support have been removed. 
 

 
Figure 1. PHI Optics Unit FM [Credit. MPS] 
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 All the thermal nodes with representation in the DTMM have been condensed and are present in the RTMM as the 
model reduction has been carried out preserving the performance of the DTMM and always keeping the physical 
meaning of all the shells and thermal conductors. The RTMM has 43 nodes and the corresponding conductors. 

 

III. Thermal Vacuum Test 
The thermal vacuum test for the PHI Optics Unit was performed in the frame of the PHI instrument PFM end-to-

end (E2E) test. This test included Optics unit, the Electronics Unit, the harness and the entrance windows. It was 
conducted by MPS at their facilities.  

 
Figure 2. PHI OPT DGMM 

 
Figure 3. PHI OPT RGMM 
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The goal of the test was to 
expose the instrument to a mission-
like environment and to correlate 
the thermal mathematical model of 
the Optics Unit. For this reason, the 
test included two thermal balance 
(TBT) phases, one in hot 
operational conditions (C1) and the 
other in cold operational conditions 
(C2). 

During the test, up to 60 
temperature sensors were installed 
and monitored, including 22 for 
controlling the environment. In 
addition to these test sensors, the 
PHI Optics Unit housekeeping 
temperature sensors were available 
when the unit was operative.  

These temperature sensors are 
the ones used for the correlation and 
are presented in Table 1. 

 

Table 1. PHI E2E Test Optics Units HK temperature sensors 
ID Type Accuracy Location 

HK01 NTC N/A FG oven 
HK02 NTC N/A FG oven 
HK03 Pt100 N/A PMP-FDT no. 1 
HK04 Pt100 N/A PMP-FDT no. 2 
HK05 Pt100 N/A PMP-HRT no. 1 
HK06 Pt100 N/A PMP-HRT no. 2 
HK07 K-type TC ±2.2°C FDT Motor 
HK08 K-type TC ±2.2°C FSM Motor 
HK09 K-type TC ±2.2°C CT Motor 
HK10 K-type TC ±2.2°C HRT Motor 
HK13 ISL71590 ±1.7°C close to FRM 
HK14 ISL71590 ±1.7°C M2 optical baffle 
HK15 ISL71590 ±1.7°C Main optical baffle - HE I/F #2 
HK16 ISL71590 ±1.7°C HPMP housing 
HK17 ISL71590 ±1.7°C M1 - RB 
HK18 ISL71590 ±1.7°C M2 
HK19 ISL71590 ±1.7°C FG-1 
HK20 ISL71590 ±1.7°C FG-2 
HK29 ISL71590 ±1.7°C HRT tip tilt-1 
HK30 ISL71590 ±1.7°C HRT tip tilt-2 
HK32 ISL71590 ±1.7°C FPGA Board 
HK33 IS-SPI T-read ±0.1°C FPGA Sensor 
HK34 ISL71590 ±1.7°C CPC 
HK35 ISL71590 ±1.7°C CTC STAR 1000 
HK36 ISL71590 ±1.7°C CTC FPGA 

 

 
Figure 4. PHI E2E Test Setup. (MPS Facilities) 
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IV. Correlation 

A. Correlation Method 
The TMM consists of a system of differential equations that in the case of a steady-state analysis, as is the case of 

a thermal balance test, can be written as a system of ordinary equations as 

 ( ) ( )4 4

1 1
0

N NN N

ij j i ij j i i
j j

GL T T GR T T Qσ
= =

− + − + =∑ ∑  (1) 

The method proposed8 consists in the use of a generalized Jacobian matrix and Moore-Penrose pseudo inverse to 
solve the model-to-reference correlation problem by least square minimization of the error. In this case the reference 
temperatures are from the PHI E2E Test HK sensors. 

We can define the total error TE as, 

 ( ) ( )2

1
( )

NN

T Rj j
j

E X T T X
=

= −∑  (2) 

Where {X} is the parameters vector used in the correlation and {TR} is the reference data vector, that is, the 
temperature measured during the test. The aim is to find the value of the vector {X} that minimize ET. In this case the 
parameters vector X contains just the linear conductors GLs, but the method could be extended to any other parameters.  

Starting from a vector {X0} that contains the initial values of the parameters, here the GLs estimated from a good 
engineering knowledge, one can calculate the initial temperature vectors {T0}.  

In the case of the thermal mathematical model and in the region near the solution, the vectors {T} and {X} have a 
monotonous dependence. 

Based on these consideration a local linear transformation can be defined in such a wat that  

 { } [ ]{ }t M x=  (3) 

Where {t} and {x} are fluctuations of both temperature and parameters values around the test data, tj=TRj−Tj
0 and 

xi=XRi−Xi
0. Here XRi is unknown, as it is the value of the parameters that would minimized the error in Eq.2. That is, 

xi represents the difference needed to be added to the i parameter to modify the temperatures of the nodes in tj. 
The Jacobian matrix M can be written as 
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 (4) 

Studying this Jacobian matrix, [ ]  
N PN N

M
× we can learn a lot about the behavior of the model. In an overdetermined 

problem, as the dimension of {x} is smaller than the dimension of {t}, the image of space {x} is only a subspace of 
{t} and varying {x} only a subset of the whole {t} space is accessible. This subset may or not include the reference 
data. However, if in the TMM the relevant free parameters {x} have been considered, the image of {k} should include 
the value of the target solution {tR} of the problem, and thus a null error can be obtained. On the contrary, the existence 
of an optimum solution with non-zero error can be due to two situations: 

- The mathematical model does not have the right architecture. 
- The right free parameter set, {x} or {X} (search space) has not been chosen for the correlation process, even 

if the right architecture has been considered. 
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The iteration is carried out following the same procedure as before, in this case replacing {T0} with the previous 
step solution. Then, the variation in the parameters in the proximity can be written as: 

 { } [ ] { } [ ] [ ] [ ]( ) [ ]
1

* ; T T
c R cx M t M M M M

−+ += =  (5) 

Where, in this case tRj=TR−Tj is the temperature difference in the node j between the reference data and the 
temperature obtained by the TMM. { }*x  is the correction vector of the parameters. Eq. (5) can be generalized for 
many load cases. In Section II-B, we explained that we used two different cases for the correlation C1 and C2, we can 
rewrite the Eq. (5) as  

 { } [ ] [ ] { } [ ] { }
1 2 1 2

1* T T
c R RC C C C

x M M t M t−  = + 
 

 (6) 

where 

 [ ] [ ] [ ] [ ] [ ]
1 2 1 2

T T
c C C C C

M M M M M= +  (7) 

Note that [ ]
1 2

c C C
M combines the Jacobian matrix of both test cases C1 and C2. Detailed information about this 

method can be found in Ref. 8. 

B. PHI Optics Unit correlation results 
The correlation of the RTMM of the PHI Optics Unit has been done using the method described above.  
The cases used for the correlation are the Hot Operational Case (C1) and the Cold Operational Case (C2) in steady-

state conditions. These two cases correspond with the thermal balance test hot and cold cases. To correlate the model 
only the linear conductors were modified. These linear conductors represent the parameters Xi defined in section IV-
A. The model network of linear conductors is shown in Figure 4. Here it can be seen that there are some nodes that 
are only coupled through radiation. See nodes 0, 1 and 17. These radiative conductors have not been used during the 
correlation.  

 

 
Figure 5. PHI Optics Unit RTMM linear conductors 
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The model has more than 35 linear conductors but not all have to be modified as many of them do not have a 
relevant influence in the model behavior. For the first approach, 17 linear conductors were selected. Figure 6 shows 
the influence of each parameter in the temperatures of the model. The x-axis represents the 17 linear conductor selected 
for the correlation and the y-axis the thermal nodes of the RTMM. Tracing a vertical line from each conductor (x-axis) 
it can be seen the nodes that are affected from its variations (in red color). 
 

 
 

Figure 6. Effect of the different linear conductor in the model temperatures.  
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After discarding the parameters that do not affect the model (vertical lines in deep blue), in this case linear conductors 
(7, 28), (7, 29), (7, 30) (19,29), (23,29), (24,28) and (28,29), 12 parameters were considered relevant for the 
correlation.  

The results of the correlation iteration process are shown in the following figures. Figure 7 shows the evolution of the 
12 linear conductors, GLs, selected to correlate the model and Figure 8 shows the average of the temperature difference 
between the reference temperatures and the correlated RTMM temperatures. In this case, the convergence criteria 
were that the maximum temperature difference had to be lower than 3 ºC. The correlation criteria were met after 3 
iterations. In this case each iteration took less than 1 second. 

 
 

Figure 7. Evolution of the linear conductors GLs (W/K) in each iteration. 

 
Figure 8. Evolution average error, T (ºC) in each iteration step. 
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Table 2 contains the temperatures and errors found during the correlation. Similar results have been obtained for the 
cold case, not shown for brevity. 
 

 

V. Conclusion 
The correlation process usually involves a lot of time and knowledge of the thermal model by the thermal engineer. 

This method not only helps understanding the model but improves a lot the process by reducing its time. Each iteration 
requires less than 1 second, once the model is prepared and the parameter selected. 

Table 2. Temperatures and error for the hot case C1 

Node Part TRef 
[ºC] 

T0 
[ºC] 

TPredicted 
(After 

correlation) 

[ºC] 

Initial 
Deviation 

[ºC] 

Final 
Deviation 

[ºC] 
0 PHI_OPT_FG_etalon 65.9 68.2 66.8 2.3 0.9 
1 PHI_OPT_FG_PF 65.2 68.0 66.6 2.8 1.4 
2 PHI_OPT_FG_struct_ex 57.0 58.1 56.7 1.0 0.3 
3 PHI_OPT_FG_struct_in 65.9 68.5 67.1 2.7 1.2 
4 PHI_OPT_FG_lenses 57.4 58.7 57.2 1.3 0.2 
5 PHI_OPT_FPA_baffle 51.5 53.8 52.0 2.3 0.5 
6 PHI_OPT_FPA_str 46.8 49.2 48.1 2.3 1.3 
7 PHI_OPT_HC 52.5 54.7 53.2 2.2 0.7 
8 PHI_OPT_FPA_APS 2.1 3.1 2.9 1.0 0.8 
9 PHI_OPT_FPA_PCB 53.3 50.6 50.6 2.7 2.6 

10 PHI_OPT_URP 50.7 52.3 51.6 1.6 1.0 
11 PHI_OPT_CPC 53.6 56.6 54.0 3.0 0.3 
12 PHI_OPT_HRM_FS0a 59.7 62.7 59.8 3.0 0.0 
13 PHI_OPT_HRM_str 56.5 58.6 57.1 2.1 0.6 
14 PHI_OPT_CT_str 54.1 56.6 54.8 2.5 0.7 
15 PHI_OPT_OB_FG_FPA 53.7 55.2 53.7 1.5 0.0 
16 PHI_OPT_HRM_LCVR 75.0 76.0 74.6 1.0 0.4 
17 PHI_OPT_HRM_Polarize 78.5 78.2 76.9 0.3 1.6 
18 PHI_OPT_HRM_FS1 54.8 56.8 55.8 1.9 0.9 
19 PHI_OPT_M1 52.0 54.3 53.1 2.2 1.1 
20 PHI_OPT_M2 51.1 53.6 51.2 2.5 0.1 
21 PHI_OPT_FSM_M3 52.4 54.3 53.2 2.0 0.8 
22 PHI_OPT_M4 52.7 54.7 53.5 2.1 0.9 
23 PHI_OPT_FSM_FS2 54.0 54.3 53.1 0.3 0.8 
24 PHI_OPT_MLI_int 52.9 54.9 53.4 2.1 0.6 
25 PHI_OPT_MLI_ext 50.4 50.3 50.2 0.0 0.1 
26 PHI_OPT_CT_detector 55.6 55.7 54.5 0.0 1.2 
27 PHI_OPT_CT_PCB 64.2 65.1 63.4 0.9 0.8 
28 PHI_OPT_FB 51.6 53.4 51.1 1.8 0.5 
29 PHI_OPT_RB 51.7 53.9 52.7 2.2 1.1 
30 PHI_OPT_OB_Main 54.4 56.0 54.2 1.6 0.3 
31 PHI_OPT_OB_M2 58.4 57.4 58.4 1.0 0.0 
32 PHI_OPT_FDT_tube 54.9 55.6 54.1 0.7 0.8 
33 PHI_OPT_FDT_LCVR 74.8 77.5 76.0 2.7 1.3 
34 PHI_OPT_FDT_lenses 54.2 55.8 54.3 1.6 0.0 
35 PHI_OPT_FDT_M5 51.9 53.9 52.8 2.0 0.8 
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Using the method in a real project as PHI Optics Unit RTMM, has proved to be of great help. It also important to 
mention that the method requires to be near the solution, so it becomes very helpful when small adjustments are needed 
to correlate the model. This is usually the case when correlating a thermal model with the data from tests. 

The method has been tested in many academic examples before applying it in PHI Optics Unit RTMM8. As future 
work, two lines are currently under study. The first is related to the application of the method to bigger models. The 
second, is the correlation of transient cases, what requires adjusting the thermal capacities.  
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