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Abstract

The correlation of the Thermal Mathematical Models is often performed manually, and the results obtained
in this way are generally not the optimum and could be improved with other strategies. A method of
correlation is presented for for steady-state cases. The method is based on a Jacobian matrix formulation
and a Moore-Penrose pseudo-inversion. The formulation allows the correlation of a model with several
load cases, as it is the usual case in space projects. As an example, it has been applied to the thermal
mathematical model of the Optics Unit of the instrument PHI of the ESA Solar Orbiter mission.

1. Introduction

The thermal mathematical model (TMM) plays a very important role during all the phases of a space mission. The
numbers of nodes in the models normally increases as the design grows. For these reason, at some point, a Reduced
Thermal Mathematical Model (RTMM) is developed. The RTMM is derived from the Detailed Mathematical Model
(DTMM) with the aim of reproducing the same results but with much fewer number of nodes. For these reason, the
two models have to be correlated.

Quite often, the correlation process is performed manually. If this the case, good engineering skills and expertise
is needed. However, to facilitate the process, the use of mathematical tools can be of great help">%!0 . 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 value of the parameters, based on good
engineering knowledge. This means that the value 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 around these values. 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 process of correlation is same for the correlation of the thermal mathematical model with respect to reference
data from tests or from other TMM. The TMM must be correlated for different load cases. Each load case is represented
by a set of boundary conditions, defining the different scenarios of the mission. To have reliable predictions the TMM
must be correlated in the different scenarios. In the correlation process each scenario is defined by a set of reference
temperatures.

In the thermal control of space instruments is a common practice to study two extreme cases. The first one is
given by the hottest conditions and the second by the coldest. Given this two cases, the temperatures of the entire
mission are assumed to be somewhere inside these limits. If a TMM is only correlated with one set of reference
temperatures, probably the prediction outside this conditions wont be acceptable.

The correlation method presented has been proven in the Polarimetric Helioseismic Imager Optics Unit of Solar
Orbiter mission,> PHI O-Unit. In order to test the method in a small-size model, the reduced thermal mathematical
model of the unit has been correlated with the detailed mathematical model. For this correlation two different load
cases have been used, the cold operational and the hot operational cases, and the results presented.
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2. Correlation method

The method proposed!? consists in the use of a generalized Jacobian matrix and Moore-Penrose pseudo inverse to solve
the model to reference data correlation problem by least square minimization of the error.
The correlation process can be considered a optimization problem as we want to minimize the sum squared

deviations E7 as,
Ny

2
Er(X)= ) (Te, = Ti(X) (1)
j=1
where Ny is the number of nodes in the TMM, Tk is the reference temperature and 7';(X) is the estimated temperature
of the TMM with the parameters X. As we want to find the minimum error we can evaluate the gradient of the (1) and
the condition of minimum will occur when VyxEr = 0,
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where 2 5;X) corresponds with the terms of the Jacobian matrix, M. and Np is the number of parameters.
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If we assume a monotonous dependence of 7' on X, a local linear dependence can be defined between both set of
coordinates (Using Taylor Series expansion'!),

0 -
T=T +Z prel )

where TV is the estimated temperatures with the initial guess of the parameters. Using this expression and writing the
fluctuations around the initial point as tg, = Tg, — T;.) and xg, = Xg, — X?, the expression (2) can be expressed as,

T
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where we have used the jacobian matrix (3). This Np equation system can be solved for x by left multiplying it by the

inverse of Mc = MM, if it is non-singular. M is a square symmetric matrix, Np X Np size. Therefore, the solution'!
X is,

¥ =M'tg  where  M'=(M'M) M 6)

This solution can be generalised for several load cases following the same procedure. If we define the error, (1)
for two different load cases,

Ny
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where C| and C; are the two load cases. Using the same argumentanon asin (4) and (3),

Mt + M7ty = (MTM|C1 + MTM|CZ)x ®)

and finally the solution can be written as,

=M, (MTtchl + MTtR|C2) )

where we obtain the solution for two load cases using

Mcc,c, = M'M| o+ M'M| ‘ (10)

This equation can be easily generalized to any number of load cases. Following the same reasoning, the variation
on the parameters can be written as

* = M; kZ‘ (M7 tg)

an

C

where M, = ZkNﬁl (MTM) C

and N is the number of load cases.
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3. PHI Optics Unit

The method described has been applied for correlating the RTMM of Solar Orbiter PHI Optics Unit with its DTMM.
The section 3.1 includes a brief description of the Solar Orbiter mission and the PHI instrument. Both the DTMM and
the DTMM are described in section 3.2, followed with the results.

Figure 1: PHI O-Unit FM

3.1 Descrioption of the PHI O-Unit

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 34° with the perihelion of the orbit at 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.

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 ssembly (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.

3.2 Thermal and Geometrical Mathematical Model

The TMM consists of a system of differential equations that in the case of a steady-state analysis can be written as a
system of ordinary equations as’~% 12

0= Qi+Zn:GL,,-(T,—T,-)+Zn:GR,-,a(Tj—T;*) (12)
j=1 j=1
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where we have used the nomenclature from ESATAN-TMS, which is the software used and recommended by ESA for
the Solar Orbiter mission. The GLs are the linear conductors, the GRs are the radiative conductors, o is the Stefan-
Boltzman constant and Q; represents al the thermal loads in the node i.

The DTMM of PHI O-Unit consist of 7497 nodes. The model have been used to study the operational cases
and the non-operational cases using steady-state and transient analyses. For this correlation two stady-state have been
selected, the extreme hot and cold operational cases, here called C1 and C2 respectively.
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Figure 2: PHI O-Unit DTGMM

From the DTMM shown in Figure 2 a RTMM was derived. The reduction process* was done manually with the
aim to keep physical meaning of all the parts. The maximum number of nodes for is model is 43 (35 + 8 boundary
nodes) and this makes the reduction process a hard task. Many linear conductors have to merged and the estimated
temperatures were outside the allowable margins. The figure 3 shows de RGMM with part of teh MLI removed so
the subsystems can be seen. 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.

S

Figure 3: PHI O-Unit RTGMM

The linear conductors of RTMM are treated as parameters for the correlations process. This gives a total of 53
initial parameters to adjust. The Figure 4 shows the linears conductors, GLs present in the PHI O-Unit RTMM. It can
be seen from the figure that all the subsystems are mounted in the FB or the RB but are quite isolate from each other.
Therefore the parameters are expected to have a local effect on the temperatures.

To study the effect of each parameter in the temperatures of the model, the Figure 5 shows the influence, in
variations of temperature of the nodes of the model against each parameter, GLs in this case. We can conclude that
only 39 from the initial 53 parameters have a measurable influence in the model. Table 1 have the initial temperatures
of the nodes estimated with the initial set of parameters. The discrepancy between the reference and the calculated
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Figure 4: PHI O-Unit RTGMM Linear Conductors

temperatures is up to 51 °C in certain nodes. This model is far from being correlated.
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Figure 5: PHI O-Unit Influence of the parameters

3.3 Correlation criteria
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Before correlating the model we have to define the criteria that we will use to consider a TMM correlated. This criteria
is not clearly specified in the literature and may vary depending on the project. We will consider a good correlation

based in the ECSS recommendations.?

These recommendations are given for the correlation against test data, but as

the goal hete is very similar it can be extended to the correlations of the RTMMs. The deviations between the two

models must be kept as follows:

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

MLIs.
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Table 1: PHI OPT. RTMM Initial temperatures
Reference Initial
Temperature °C | Temperature °C AT °C

Node Label Cl C2 C1 C2 Cl1 C2
0 FG Etalon 65.9 66.5 66.21 17.04 | -03 495
1 FG Pre Filter 65.2 63.3 66.14 16.77 | -0.9 465
2 FG Struct Ext 57.0 14.2 6572 1468 | -87 -05
3 FG Struct Int 65.9 65.7 66.26 17.22 | -04 485
4 FG Lenses 574 17.5 63.99  5.67 -6.6 11.8
5 FPA Baffle 51.5 -18.3 5991 -16.75 | -84 -15
6  FPA Sturcture 46.8 -16.9 4592 -1630 | 09 -0.6
7 FPA APS 2.1 -20.7 129  -21.29 | 08 0.6
8 FPA PCB 533 -9.5 3456  -6.08 18.7 -34
9 CPCCPC 53.6 -16.4 64.79 -9.10 | -11.2 -7.3
10 HRM FSO 59.7 -17.6 77.53 -832 | -17.8 -93
11 HRM Structure 56.4 -11.5 70.19  -6.79 | -13.8 -4.7
12 HRM LCVR 75.0 45.2 71.74 045 33 447
13 HRM Polarizer 78.5 46.5 71.08  -4.75 74 512
14 HRMFSI 54.8 -14.5 69.78 -749 | -15.0 -7.0
15 CT Structire 54.1 -16.3 62.34 -1440 | 82 -19
16 CT Detector 55.6 -14.7 68.87 -5.61 | -133 -9.1
17 CTPCB 64.2 -4.6 69.92  -4.26 57 -03
18 FSM M3 524 -17.2 63.11 -13.37 | -10.7 -3.8
19 FSMFS2 54.0 -15.3 63.18 -1332 | 92 -20
20 MIMI 52.0 -18.7 62.20 -14.89 | -10.2 -3.8
21 M2M2 51.1 -19.8 5997 -1697 | -89 -28
22 M4 M4 52.7 -13.6 61.66 -1423 | 9.0 0.6
23 FDT Structure Tube | 54.9 -17.6 61.72 -1563 | -6.8 -2.0
24  FDTLCVR 74.8 -5.4 67.02 -13.71 7.8 8.3
25 FDT Lenses 54.2 -18.0 61.83 -1561 | -76 -24
26 FDT M5 51.9 -18.5 61.73 -1479 | 9.8 -3.7
27 MLI Internal Layer | 52.9 -18.5 61.16 -1640 | -83 -2.1
28 MLI External Layer | 50.3 -19.9 60.63 -16.48 | -103 -3.4
29 OB Main 544 -19.0 75774 -12.78 | -21.3  -6.2
30 OB M2 58.4 -19.5 66.34 -1695 | -79 -25
31 OB FPA-FG 53.7 -16.3 62.08 -15.06 | -84 -1.2
32 URP URP 50.7 -19.5 60.50 -1533 | -9.8 -42
33 HCHC 52.5 -18.8 61.15 -1632 | -86 -25
34 FBFB 51.6 -19.7 59.80 -1698 | -82 -2.7
35 RBRB 51.6 -18.7 61.73 -14.78 | -10.1 -39

o Difference in the heat flux across spacecraft interfaces < 10 % when the heat flux is grater than 1 W and 0.1 W
when is less.

e Difference in the consumed heater power < 10 %.

3.4 Results

The method proposed have been applied and after 13 iterations the method converged to a set of parameters used to
estimate the temperatures given in the Table 2.

e In the load case C1, the maximum difference in the nodes temperature have decreased from 21.3 °C to 2.9 °C.
All the nodes are within the margins.

e In the load case C2, the maximum difference in the nodes temperature have decreased from 51.2 °C to 2.6 °C.
All the nodes are within the margins.



The next step is to calculate the heat flux through the interfaces. The fluxes for the case C1, which correspond to the
hot operational case is shown in Table 3. In the table is also presented the reference values and the initial estimation
of the heat fluxes. The initial estimation have been made using the the initial values of the parameters. In brackets, the
difference between the estimated value and the reference value is shown. Not all values are within the allowable range,
the heat flux though the feet and the radiative spacecraft cavity are out of limits by 0.6 W. This discrepancy is quite
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low compared to the total heat power that is 22 W.

Table 2: PHI OPT. Final temperatures
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Reference Final
Temperature °C | Temperature °C AT °C

Node Label Cl Cc2 C1 C2 Cl1 Cc2
0 FG Etalon 65.9 66.5 68.03 6626 | 2.13 0.24
1 FG Pre Filter 65.2 63.3 67.81 6529 | 2.61 1.99
2 FG Struct Ext 57.0 14.2 58.01 12.84 | 1.01 1.36
3 FG Struct Int 65.9 65.7 68.47 68.19 | 2.57 249
4  FG Lenses 57.4 17.5 58.69 1579 | 1.29 1.71
5 FPA Baffle 51.5 -18.3 53.57 -18.770 | 2.07 0.40
6 FPA Sturcture 46.8 -16.9 49.19 -1497 | 239 193
7 FPA APS 2.1 -20.7 3.09 -20.89 | 099 0.19
8 FPAPCB 533 -9.5 50.62 -9.70 | 2.68 0.20
9 CPCCPC 53.6 -16.4 56.16 -15.55 | 256 0.85
10 HRM FSO 59.7 -17.6 61.75 -16.90 | 2.05 0.70
11 HRM Structure 56.4 -11.5 58.62 -11.79 | 222 0.29
12 HRM LCVR 75.0 45.2 76.02 4636 | 1.02 1.16
13 HRM Polarizer 78.5 46.5 78.25 4502 | 0.25 148
14 HRMFSI 54.8 -14.5 56.73 -15.21 | 1.93 0.71
15 CT Structire 54.1 -16.3 56.95 -14.04 | 2.85 2.26
16  CT Detector 55.6 -14.7 55.75 -15.57 | 0.15 0.87
17 CTPCB 64.2 -4.6 65.41 -293 | 1.21 1.67
18 FSM M3 524 -17.2 5433 -17.37 | 1.93 0.17
19 FSMFS2 54.0 -15.3 5432 -17.36 | 0.32 2.06
20 M1 Ml 52.0 -18.7 5433  -17.74 | 233  0.96
21 M2M2 51.1 -19.8 53.55 -19.03 | 245 0.77
22 M4 M4 52.7 -13.6 54.63 -16.02 | 1.93 242
23 FDT Structure Tube | 54.9 -17.6 55.62 -17.81 | 0.72 0.21
24 FDTLCVR 74.8 -5.4 77.53 -8.01 | 273 261
25 FDT Lenses 54.2 -18.0 55.82  -17.78 | 1.62 0.22
26 FDT M5 51.9 -18.5 53.85 -17.79 | 1.95 0.71
27 MLI Internal Layer | 52.9 -18.5 5471 -18.39 | 1.81 0.11
28 MLI External Layer | 50.3 -19.9 5032 -19.79 | 0.02 0.11
29 OB Main 544 -19.0 5596 -19.13 | 1.56 0.13
30 OBM2 58.4 -19.5 57.32  -19.03 | 1.08 047
31 OB FPA-FG 53.7 -16.3 55.03 -16.83 | 1.33 0.53
32 URP URP 50.7 -19.5 52.30 -18.67 | 1.60 0.83
33 HCHC 52.5 -18.8 5471 -18.39 | 221 041
34 FBFB 51.6 -19.7 53.14 -19.07 | 1.54 0.63
35 RBRB 51.6 -18.7 53.83 -17.79 | 223 091

4. Conclusion

A new method for the correlation of thermal mathematical models with reference data have been presented. The
method, based on Jacobian matrix formulation (Taylor series expansion) and solved using the Moore-Penrose pseudo-
inverse matrix, has been applied to the correlation of the PHI O-Unit RTMM of the Solar Orbiter ESA mission.

The correlation of the thermal mathematical model to a reference temperature data is a task that any thermal
engineer must confront sooner or later in the common development path of a space project. The results of the models
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Table 3: Heat flux through the spacecraft interfaces. Load case C1

Interface Reference value | Initial estimation Final estimation
HEIF 1 6.8 W 99W  (46%) TO0W  (3%)
HEIF2 71W 36 W  (-49%) 6.7W  (-6%)
HEIF 3 47 W 33W  (-30%) 47W  (0%)
CEIF 31 W 50W  (65%) 31W  (0%)
Feet 0.1W 0.1W (0O0W) | 05W (04W)
S/C (Radiative) 02W <0.05W (02W) | <0.01W (0.2W)

have to be in agreement with the temperatures measured in the TVAC tests or the flight data. The RTMM must (or
intend to) predict the same temperatures that the corresponding DTMM. In any case the correlation must be carried out
and the source of the reference data is not important.

This correlation is usually done manually and requires an enormous effort in terms of time and therefore, cost.
The intention of the method proposed is to provide the thermal engineer with the tools required to incorporate the
model correlation to the normal workflow of the thermal design.

The method have been applied to the PHI O-Unit RTMM. The intention was to demonstrate that the correlation
method can be applied to a larger model but small enough to be able to be understandable by a person from outside the
project. The model has 35 temperatures points to be correlated with the results from two load cases. This model has
been presented and its parameters analyzed. A total of 39 parameters were selected for the correlation and the results
provided by the correlated model shows that the temperatures obtained are inside the common requirements used in
space programs.
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