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Abstract—In this paper the approach to the temperature
parameters forecasting to avoid overheating of the spacecraft
equipment at the end of the data transmission session is
considered. To determine temperature values at the indicated
times of the spacecraft components algorithms of historical data
processing are proposed. The software is provided. The
conducted experiments proved the ability to reveal anomaly
situations.
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I INTRODUCTION

Space observatory Spectr-R (Fig. 1), launched on 18 July
2011 is a unique spacecraft. The main purpose of it is
researching space objects (galaxy kernels and black holes, etc.)
in the capacity of very long baseline interferometer [1].

The spacecraft equipment includes on-board scientific suite
which comprise space radio telescope and base platform
“Navigator” for managing the observatory and information
transmission [1].

Figure 1. Spectr-R appearance

To transfer accumulated data to ground stations
(telemetry session) antenna feeder system is used, which
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consists of beam antenna, power transmission and its control
electronics unit.

The securing of smooth and probably longer-term
research activity of spacecraft is extremely significant for the
scientific community. However, during the spaceship
production time, overheating situations can occur which can
lead to equipment failure.

Heating-up of the spacecraft details is associated not
only with sun rays but also with multiple reflections induced
by reflective surface. (Fig. 2)

Temperature mode of on-board and service systems
controlled by sensors’ readings located in different parts of
spaceship.

In paper monitoring of thermal modes of antenna
feeder system equipment of spaceship is considered.

Antenna feeder system of spaceship is fitted with
three sensors which allow to track temperature values related to
electronic and mechanical transmission parts. However, during
the telemetry session temperature values are unavailable that
makes impossible to determine excess heat. It should be
mentioned, that overshooting thermal robustness indices can
lead to the antenna feeder system failure and the whole
observatory break-down.

I. PROBLEM STATEMENT

Antenna feeder system thermal mode is determined by
current spaceship’s orientation and sensors’ readings.

Spacecraft orientation (Fig. 3) characterizes by two angles:
angle a between space radio telescope axis and direction
“Spaceship — Sun” and angle 5 direction “out” “Spaceship —
Sun” of surface XZ connected with spacecraft coordinate
system {x,y, z}.

Due to pretty large surface area of antenna it is also one of
the main source of consumption, shading and reflection of the
sun rays. Because of this, its orientation (Fig. 4) which is
described by angles @ and 1, where 8 — rotation angle around
Z-axis, and angle 1 — rotation angle around Y-axis, in addition,
antenna feeder system also affects thermal mode.

319



Spacecraft

Figure 3. Spaceship orientation
S~ pinpoint of Sun direction;
Somz— projection Sy on the surface XZ;
a— angle between X and Sop.z;

S— angle between S, and surface XZ.

Antenna transmission

Spacecraft

Figure 4. Beam antenna transmission orientation
60— rotation angle of axis z,p;
w — rotation angle of axis y,,

Admissible orientations are coordinated by mission control
center in accordance with the next conditions:

e During observation process it is essential to maintain
contact with the land station which receive scientific
information;

e [t is necessary to secure smooth work of electric power
supply system;

e Maintenance of mode is

indispensable.

specific temperature

All of the sensors’ readings of antenna feeder system
(a,B,0,9¥,T239,T624,T625) equipment are known at the
beginning of the telemetry session, but are unavailable during
it. In this case the duration of data transmission to the land
station time can be from 1 up to 4 and more hours because of
this, parameter also influence temperature values by the end of
the session.

Consequently, problem formulation which is
considered in this paper, can be viewed in this case: in
accordance with the known parameters of
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a,B,0,¢%,T239,T624,T625, time at the beginning of the
telemetry session, values of T239,T624 and T625 and their
gradients at the end of the session should be determined.

III.  APPROACHES

The permissible orientation, in accordance with the
temperature mode, is orientation which guarantees allowable
gradients of temperature changing. Adequate thermal mode
allows to solve the problem of determining fine orientation
without any doubt. However, the operation of the space
observatory showed that developed thermal model can not
guarantee correct forecasting results which can be easily
explained by the fact that for protection from overheating
induced by sun rays the majority of spacecraft surfaces covered
by thermal isolation. (Fig. 2)

Irregular surface form created by isolation and multiple
reflection of the sun rays between different surfaces make the
problem of model development using traditional analytic tools
unachievable.

The mentioned problem has led to the necessity of
orientation careful choice, in other words, temperature sensors’
readings control: T239,T624 u T625. For passed 4,5 years
form the launching moment a huge database of temperature
changes was accumulated (Table 1).

P T [

Figure 2. Spectr—Ryin NLavochkin. Thermal isolation can be clearly seen.

Moreover, available information does not allow to steadily
forecast temperature changes, especially when spacecraft is in
previously unknown orientation.

In accordance with the above, in this paper the supposed
solution of mentioned problem is about artificial neural
networks. Simple and plain, the approach consists of:

e Development of mathematical model of neural network;

e [ts learning process using accumulated examples “input
— output”;

e Model testing on distinguish variants of known input
and output parameters;

e Development of a software for computing performance.
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PIECE OF ACCUMULATED DATA

Time | apha | Beta | Teta | psi | 2395 | es2ss | te2ss | vo3or | ve2ef | te2st | 2o | ts2ag | teasg

ass04 [ 92,392 0056 | 2408 [ 2357 | 2386 29,04 | 323 | 3404 | 1657 | 2982 | Bo0s6 | -9868 | -1,963

274212 | 158,084 1889 [ 493 [ esp0 | 3554 2343 | 31,68 | 2057 | 2093 | 21,74 | 195 | 0328 | 1,305

110412 | 157,802 219 | 493 [ 6500 | 2057 2093 | 20,74 | 1867 | 2093 | 2074 | 0,203 Q 0

33984 | 109,008 0029 | -4239 | 5038 | 19,08 29,04 | 26,71 | 30,75 | 11,58 | 31,68 | 12,366 | -18,502 5267

3780 | 157,898 1,869 5| 6509 | 3075 2654 | 3541 | 27,75 | 2467 | 2982 | -2,857 | 1781 | -5324

3502 | 105961 o 4384 | 2m| 207 31,53 | 3354 | 3464 | 3527 | 3044 | 7,288 3956 | 3,278

4140 | 157,909 1811 | 496 [ 6507 | 3554 37,76 | 33,54 | 3045 | 3028 | 27,95 | 4426 | 6504 | 4,861

34128 | 104,438 0077 | 1449 055 | 3045 334 | 3168 | 37,33 | 2904 | 3541 7,259 46| 3,93

112788 | 158,103 186 | 491 | 6512 | 38,23 29,04 | 3541 | 2686 | 2467 | 2485 | -3629 | 1,395 3,37

as612 [ 93414 0,088 | 315 [ 1476 | 2686 30,91 | 3044 | 3524 | 334 | 4038 | 6615 1,965 7.848

28260 | 157,124 1,864 | 495 [ 6502 | 3643 334 | 4038 | 2087 | 22,18 | 26,09 [ -1982 | -1,429 -1,82

24120 | 157,424 1895 | 495 [ -s502 | 2087 2218 | 2608 | 1908 | 22,18 | 2423 | 0,267 o| -0

40320 | 157,875 1,758 | 495 [ 6502 | 19,08 2218 | 2423 | 1818 | 1968 | 2236 008 | -0223| -0167

7416 | 110,209 0,067 | 5858 [ 3278 | 1818 24,67 | 2423 | 2117 | 253 | 378 | 1454 3,064 | 51,352

45756 | 105,366 0009 | 1775 | 3456 | 2446 3215 | 292 | 3823 | 1657 | 2423 | 10836 | -12.26 | -3911

13590 | 157,119 1,851 5| 6515 | 38,23 16,57 | 2423 | 1818 | 2717 | 27,33 | 5311 2808 | 0821

45936 | 100,181 0,044 | 183 31,06 18,18 27,17 | 27,33 | 3284 | 721 | 2112 | 11491 | 15645 | 4868

43812 | 15805 | 1826 | -a99 [ -;0aa | 3s2e | ause | 2671 [ 3005 | 2707 | ams7| 41ma | ssnn| 1520

45864 | 156,611 0017 | 2341 | 2008 | 3015 2717 | 2857 | 3408 | 596 | 497 | 3054 | 16649 | -18525

74988 | 158071 s | 498 [ 7031 | 3a04 596 | 497 | 2686 | 20,04 | 27,33 | 3446 | 11,078 [ 10,733

The choice is explained by considerable amount of
nonlinear transformations performed in neural network which
allow to reveal complex regularities in data that cannot be
described by traditional analytic models.

IV. DATA PREPROCESSING

Prior to the construction of neural network model, the
analysis of data is to be done. First of all, identical examples
“input-output” and those of that bear resemblance should be
excluded out of the sample, as they could increase the
dimension of the model as well as the period of the leaning
process without bringing any additional knowledge in the
model. Second, the data is estimated in different physical
ranges (consider the following example:

-50°C < T239 < 60°C and 90° < a < 159°, 1800 sec <

time < 15000 sec)

Therefore, the data should be scaled so that it could be
brought to uniform interval.

To eliminate the same “input-output” examples the
principal component analysis is utilized [2], which allows to
choose one unique example from the range of similar entries.
Application of this method cut off the number of sample from
10553 up to 8137. Scaling of the data was conducted regarding
to the “Min-Max” algorithm that take the change of the
physical value y and transform it in the following way:

_ Yold"Ymin

Ynew Ymax-Ymin (1)

where y,,;; — the current value of the physical quantity,
Vnow— Scaled value of the physical quantity, V,,in H Vimay —
the minimum and maximum values of the physical quantity,
respectively.

Given the operational characteristics of
equipment, there were adopted following ranges:

spacecraft

Ain = 90°, gy = 159°
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Bmin = —10°, By = 10°
Omin = -90°, 0,4, = 90°
min = —77°% Prnax = 90°
T239min = —50°C, T239,,4, = 60°C
= —50°C, T624,,,, = 60°C
min = —50°C, T625,,,, = 60°C
AT239 = —50°C,AT239,,,, = 60°C
AT624,,;, = =50°C,AT624,,,, = 60°C
AT625,,;, = —50°C, A625,,,, = 60°C
timey,;, = 1800 sec, time,,,,, = 15000 sec
All input and output data from 8137 examples were
mapped into the range [0; 1], according to the expression (1).
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V. NEURAL NETWORK MODEL CONSTRUCTION

Constructing of neural network model for practical
implication requires significant input of effort as this procedure
is tightly connected with the great volume of experimental
studies. The procedure involves the choice of neural network
paradigms, selection of parameters of neural network (number
of layers, number of neurons in layers) and its learning process.

Among the types of neural network paradigms, more than
80, authors have chosen radial basis type of network because of
the simplicity of its implementation and training aspect. In any
case this type does not preclude the application of studies’
results to other types of neural networks.

Radial basis networks are known for their direct
propagation of the signal. They consist of 3 layers: input,
hidden, and output. (Fig. 5)

x2

XN

Figure 5. Radial Basis Function Neural Network

Structure
As an input the model uses the scaled vector X with
the following coordinates

%= (a,8,0,1%,T239,T624,T625,time)", as an output —

vector § = (T239;, T624,, T625,, AT239, AT624, AT625)" |
in other words, temperature values from antenna feeder system
of spacecraft and their gradients at the end of the telemetry
session. Hence, the number of neurons in input layer is N = 8,
the number of neurons in output layer K = 6. The number of
neurons in hidden layer M is based on theoretical assumptions
[4], and selected from the ratio of the number of examples for
training and the ability of a network trained to a given
precision €. Determination of the neurons number in the
hidden layer M will be discussed in the next section. An input
layer of neurons in the model is used to distribute the input
signal to the M neurons of the hidden layer.
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Each neuron of the hidden layer computes
the distance E;(X) between input vector X and its centre

G(i=1,.,M):

E;(X) = |IX-¢1l )

where ||+||— Euclidean norm, which performs a nonlinear
transformation of a Gaussian form of activation function [3]:

¢:(xX) = exp(-a; * E;(¥)?). 3)

Each ;™ neuron (j = 1, ..., K) of output layer calculates the
linear combination of outputs of all neurons of the hidden layer
¢, (%) multiplied by the weighting factor w;;:

M
)’j@) = EWU - i (%), “)
i=1

As equations (2) — (4) state, parameters M should be
estimated for an effective operation of neural network model,
&= () G=1...M), q; (=1, M)nw; (i=
1,..M), j=1,..,K)

, which are calculated during the learning process.

VI. NEURAL NETWORK MODEL TRAINING

Training of neural network is an important stage in its
development. The goal of this step is to find the parameters of
neural network delivers the minimum functionality:

ip Z(yl ¥ %)

where }A/l-} — the desired output value of it" neuron of output

layer for example j, yl-] — real output value of i*® neuron of
output layer for example j, P — is the number of examples for
training.

The initial parameters of w;; (i = 1, ...
are chosen randomly from [0; 1].

M), (G =1,...K)

All of the known examples are divided into two parts (~
80%: 20%): training set (P = 6400)and test set (T = 1737),
before the learning process.

Hidden neurons' training and their number M determining
is done preliminary. At the beginning the input data from the
first sample of the training set is considered — x*. For ¢, of the
first neuron the vector )?1 is chosen, so ¢; = x*. Consequently,
the second sample X2 is analyzed. Euclidean distance is
calculated d = ||x2-¢,]|. If d is less than 0.1 (empirical
choice), so the creating of one more hidden neuron is
unnecessary, however, ¢, is changed & = (X% +¢&,)/2. If
d > 0.1, so a new hidden neuron is created with the center
¢, = X2 The third sample from the training set is exposed by
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transformations d = ||¥3-, ||, or d = ||X3-¢ ||, d = [|X%-C, |l
If calculated d > 0.1, so the third neuron is created with
¢, = ¥3, otherwise, centers are corrected in accordance with
61 = (553 + 81)/2, or (_:)7 = (.7?3 + 67)/2

This procedure is in progress until all of the sample P from
the training set is examined. As a result, M = 5/88 neurons in
hidden layer with the centers ¢; (i = 1, ..., M).

Determining the widths of activation function ;" hidden
neuron ¢; is performed by K-nearest neighbours algorithm [2].
Moreover, ; is set equal to the mean of the Euclidean

distances to 10 nearest neighbours, in other words,

Z 2, €j, where nearest 10 C, is determined by sorting in
the ascending order of the values
G-l (e =1,..,M;k #1).

To determine weight coefficients of hidden layer output to
the output layer changes w;; i=1,..,M),(j=1,..,K)
minimizing functional the gradient descent algorithm is
considered [4]:

0&

wi” = wil?01 - —==w{%0,1 -
ii
M
SO Wy (@) exp (ay - IE-E 1) ),
i=1
where 0.1 — learning rate.
Changes ofw;; (i =1,..,M),(j =1,...,K)is run on

until £ is more than 0.001.

VII. SOFTWARE

To run the experiment researches software was developed
using Java programming language.

Software includes:

e Interface for training neural network model which is
allowable to tune parameters such as: desired learning
accuracy, number of hidden neurons, initial values
neural network model and coefficient. (Fig. 6);

e Interface for using learnt model which allows to enter
orientation parameters and current temperature values
and telemetry session duration manually or from file
and, in addition, to calculate temperature values at the
end of the session (Fig. 7);

e Software modules for learning and using neural
network model.

VIIL

For learning neural network model the set consisted of
10553 examples was used, which was accumulated for the
whole operation time of the observatory “Spectr-R” form
18.07.2011 to 27.02.2016. Anomaly situations which led to the
rapid overheating of the spacecraft equipment form this set
play significant role.

EXPIREMENTAL RESULTS
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Figure 6. Neural network model training
interface
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Figure 7. Neural network model utilization interface

Data preprocessing allowed to reduce the number of
examples to 8137 and scale them in [0; 1].

The sample collection was divided into two parts:
training set and test set.
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Learning time to get an error of 0.001 on the scaled
data was about 2 hours.

To test trained neural network model using the test set
T, the result error did not overshoot 6 °C (Fig. 8). Using the
data after 27.02.2016, the error did not exceed acceptable value
(The maximum error was 8 °C).

Temperature, °C

Number of examples, units

Figure 8. Test set evaluation using neural network model.
Green colour indicates T239 sensor's readings. Red curve
represents neural network output. Yellow colour stands for

network error.

During the software testing period for temperature
values prediction using more up-to-date data. It should be
mentioned that at 25.03.2016 an anomaly situation was noticed
due to which sensors’ readings overshoot allowable limits.
Neural network model determined outputs at the end of the
supposed connection session accurately enough to consider the
assumed situation as a dangerous moment.

IX. CONSLUSION

The neural network model was introduced and
implemented into software which allows, in accordance with
the current temperature sensors’ readings and orientation’s
parameters at the beginning of the telemetry session, to
calculate the thermal mode at the end of the session. Empirical
researches confirmed that the developed software can be used
as an expert regarding this problem.
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