Cubupckuil scypHan Hayku u mexvoaoaui. Tom 21, Ne ]

UDC 629.07.058
Doi: 10.31772/2587-6066-2020-21-1-78-84

For citation: Komlev G. V., Mitrofanova A. S. To the question of forecasting the technical condition of low-thrust
liquid rocket engines. Siberian Journal of Science and Technology. 2020, Vol. 21, No. 1, P. 78-84. Doi:
10.31772/2587-6066-2020-21-1-78-84

Jas untuposanusi: Komnes I'. B., Mutpodanosa A. C. K Bonpocy nporHo3upoBaHHsi TEXHUYECKOTO COCTOSHHS
KHUJKOCTHBIX PaKeTHBIX JBHUrareneil Manoil Tsru // Cubupckuii xypHan Hayku u TexHosormid. 2020. T. 21, Ne 1.
C. 78-84. Doi: 10.31772/2587-6066-2020-21-1-78-84

TO THE QUESTION OF FORECASTING THE TECHNICAL CONDITION
OF LOW-THRUST LIQUID ROCKET ENGINES

G. V. Komlev'?*, A. S. Mitrofanova'*

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*JSC “Krasmash”
29, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660123, Russian Federation
*JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*E-mail: komlev_gv(@mail.ru

In the rapidly developing space and rocket industry, spacecrafts are being equipped with low-thrust liquid rocket
engines. High requirements are imposed on the reliability, efficiency and economy of fuel use for this type of rocket
engine. To ensure monitoring of the characteristics of spacecrafts, a functional diagnostic system is used, which in-
cludes telemetry and analytical data processing. Telemetry performs the functions of receiving and transmitting infor-
mation. Information processing is carried out in computer centers located on the spacecraft and the Earth. The most
promising computing tool capable of predicting time series and classifying a large amount of interconnected data is
considered an artificial neural network. In this regard, the subject of research in the work is data processing methods
based on an artificial neural network. The purpose of the work is to develop a method for forecasting the technical con-
dition of low-thrust liquid rocket engines using an artificial neural network.

The relevance of research on the use of a neural network in the system of functional diagnostics of low-thrust liquid
rocket engines for spacecraft is explained in the introduction. In the main part, an analysis of many telemetric data of
the rocket engine is carried out and their strength in the forecast of the main diagnostic parameters is determined. It is
proposed to use traction, specific impulse, and temperature of the structure as diagnostic parameters. The prognostic
capabilities of the neural network were investigated and a schematic diagram of a method for predicting the technical
condition of a low-thrust liquid rocket engine was developed. In the developed method, at the first stage, the neural
network performs the approximation of the function and extrapolates the time series of telemetric data; the second stage
determines the probable class of the technical condition of the engine.

The conclusion outlines a plan for further experimental research in the study area and provides recommendations
on the development and improvement of algorithms for functioning of artificial neural networks as part of the functional
diagnostics system of the spacecraft. Due to the generalized nature of the methodological schemes, the results of the
work can be applied to any type of rocket engines and used at all enterprises of the rocket and space industry of the
corresponding profile.
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JHCEHHBIE IHCUOKOCMHBIMU PAKEMHbIMU 08Ueamenamu mManvlx msae. K oannomy muny pakemmuoix 0guzamenei npeodvasisi-
JOMCSL 8bICOKUE MPeDOBAHUSL NO HAOENCHOCMU, IPOEKMUSHOCU U IKOHOMUYHOCTIU UCHONb308AHU MOoNnauea. s
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obecneuenus MOHUMOPUH2A XAPAKMEPUCUK KOCMUYECKUX annapamos UCnoIb3ylom Cucmemy QyHKYUoHATbHOU duae-
HOCMUKU, 8 COCMA8 KOMOPOU 6X008m cpedCcmea mejemMempuu U anaiumudeckol oopabomxu oannvix. Teremempus
8bINOAHsAem (yHKYUU nonydenus u nepedayu ungopmayuu. Obpabomra uH@Gopmayuyu 6bINOTHACMC 8 BbIUUCTIUMETb-
HbIX YeHmpax, Haxo0suuxcst Ha kocmuyeckom annapame u 3emine. Haubonee nepcnexmunvlm 6bl4UCIUMENbHbIM UH-
CMPYMeHmMOM, CHOCOOHBIM NPOBOOUMb NPOSHOZUPOBAHUE BPEMEHHBIX PA008 U KIACCUDUUUPO8amb OOIbUONU 00bEM
63AUMOCES3AHHBIX OAHHBIX, CYUMAIOM UCKYCCMBEHHYIO HEUPOHHYIO cemb. B cesa3u ¢ smum npedmemom ucciedo8anuil 6
pabome 61SLIOMCsL CNOCOOBL 0OPABOMKU OAHHBIX C NPUMEHEHUEM UCKYCCMBEHHOU HelponHou cemu. Lleny pabomvl 3a-
KAOYaemcesi 8 pazpabomke mMemood npocHO3UPOBAHUSL MEXHUYECKO20 COCOSIHUSL JCUOKOCTHHBIX PAKEMHbIX dgueamenei
Manvlx msie ¢ UCHONb308AHUEM UCKYCCMBEHHOU HEUPOHHOU CEemu.

Bo ssedenuu obocrnosvisaemest axmyanbHOCmb UCCIE008AHULL NO UCHOIB308AHUIO HEUpOCemU 6 cucmeme GyHKYUo-
HAMLHOU OUASHOCMUKU JCUOKOCIHBIX PAKEMHbIX O8u2amesnetl MAIblX mse 015 KOCMUYeCcKux annapamos. B ocnoenoti
yacmu npoBOOUMCs AHAU3 MHOICECBA MeNeMeMPUIecKUx OaHHbIX PAKeMHO20 08ueamens U onpeoeiend ux eco-
MOCMb NPU NPOZHO3E OCHOBHBIX OUASHOCMUYECKUX napamempos. B xauecmee ouaznocmuyeckux napamempos npeo-
JIOJHCEHO UCNONIb308aMb MA2Y, YOEIbHbl UMNYIbC U memnepamypy KoHcmpykyuu. Hcciedosanvl npocHocmuyecKue
603MOIICHOCIU HEUPOCEeMU U pa3pabOmMana NPUHYUNUATLHASL CXeMA Memood NPOSHO3ZUPOBAHUSL MEXHUYECKO20 COCMOsL-
HUSL HCUOKOCHMHO20 PAKEMHO20 Ogueamensi MAlol mseu. B pazpabomannom memoode Ha nepeom smane Heupocems Gul-
NOIHAEN ANRPOKCUMAYUIO PYHKYUU U IKCIMPANOTAYUIO PEMEHHO20 P0a OAHHBIX MENeMemPUYecKux OaHHbLX, Ha 6MOo-
POM — Onpeoesien 8eposiImubIL KILACC MEXHUYECKO20 COCMOIHUS O8U2AMEIIsL.

B svi600ax nHameuen naan oanvHeuwux sKCNEpUMEHMANbHBIX UCCAeO008AHU 8 OAHHOU 0b1acmu U 0aiomcs peKoMeH-
dayuu no pazpabomke u COBEPUIEHCTNEOBAHUIO ANCOPUMMOE (PYHKYUOHUPOBAHUSL UCKYCCMBEHHbIX HEUPOHHbIX cemell
6 cocmaege cucmembvl QYHKYUOHATLHOU OUASHOCMUKU KOCMUYeckozo annapama. B cuny 0b6obwénnozo xapaxmepa me-
MOOUYECKUX CXeM, pe3Vabimamsl pabonmvl MO2Ym HPUMEHAMbCS K TI0O0MY MUny pakemHulx osueameneti u UCHOIb30-
8amMbCsl HA 6CeX NPEONPUSIMUSAX PAKEMHO-KOCMUYECKOU OMPACiu COOMEEMCmMaYiowe2o npopus.

Kniouegvie crosa: paxemuulii 0gucamens, meiemempus, Hetpocemys, OUACHOCMUYECKUN napamemp, annpoxkcuma-
yust, Kiaccugurayus, npocHO3UPOBAHUe.

Introduction. In the rocket and space industry, in the  thrust liquid engines on a self-igniting pair of “nitrogen
development of spacecrafts (SC), a significant part of the tetraoxide (NT) and asymmetric dimethylhydrazine
project time is occupied by the development of low-thrust (ADMH)”;

liquid rocket engines (ZhRDMT). With this type of pro- —high reliability during operation — more than

pulsion systems, the spacecraft can perform complex ma- 10 years, which requires an acceptable thermal state, both

neuvers in space [1; 2]. during engine operation and during prolonged silence.
The terminology in GOST 2239677 “Low-thrust lig- Low-thrust liquid rocket engines should have high re-

uid engines” defines ZhRDMT as executive bodies liability indicators, minimum weight and outer dimen-
of a spacecraft control system with a thrust from 0.01  sions, increased resource, efficiency, stability, and mini-
to 1600 N. The low-thrust liquid engines can be combined  mal energy consumption. Ensuring a high level of these
into a low-thrust liquid engine module as an assembly indicators at all stages of operation of a rocket engine
unit consisting of several liquid-propellant engines and at  requires accurate control of diagnostic parameters (DP)
least one common element (power frame, panel, fuel sup-  with subsequent prediction of the technical condition
ply system, thermal insulation, etc.). [3; 4]. For these purposes, the spacecraft is equipped with

The purpose of the low-thrust liquid rocket engines a functional diagnostic system (FDS), which allows to
and their operating conditions impose on them a whole  obtain diagnostic information about the low-thrust liquid
series of specific requirements and the following in par-  rocket engine quickly, process data and issue a decision

ticular: on the strategy for further operation.

— multi-mode, due to continuous operation (duration Algorithms for monitoring DP and fault detection
up to 7, > 10° ) and in various pulse modes with a mini-  in FDS are based on mathematical models of work proc-
mum on-time of 0.03 s or less and with various pauses -  esses [5-8].
from 0.03 s to several days; the pulsed mode is divided At present the development of rocket technology is

into the mode of single short switching with long pauses  impossible without telemetry on spacecraft engines.
between switching on, the pulsed mode, when short  Telemetry tools collect and convert sensor signals, store
switching is alternating with pauses of various durations,  and transmit information to the control center. The use
and the mode of “connected” switching with very short  of telemetry can increase the information content and

pauses; completeness of tests of low-thrust liquid rocket engines,

—a large resource for the total operating time —up to  reduce the number of tests and streamline planning in the
50.000 s or more; shortest possible time [9; 10].

—a large resource for the total number of on-time pe- The main tasks of diagnosing low-thrust liquid rocket
riods — up to 10%; engines using telemetry tools are as follows [11]:

—the possibility of any combination of on-time and — determination of the correct functioning of the en-
pauses; gine at all possible operating modes;

—ensuring high efficiency, specific impulse (/) of — troubleshooting, indicating the location and possible

more than 2950 Ns/kg (300 s) for two-component low-  .4.se of occurrence:
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— assessment of reliability indicators;

— predicting the correct functioning of the engine dur-
ing further operation.

Despite the great successes in the development of low-
thrust liquid rocket engines and methods for diagnosing
them, it is practically impossible to determine the whole
set of defects, this is due to the fact that violations of the
integrity of engine components and work processes can
equally manifest themselves in diagnostic signs. In addi-
tion, the design and arrangement of the sensors are imper-
fect, as a result, when evaluating the DP there are limita-
tions in the accuracy of the results [11], and in the case of
a large set of diagnostic data, it is difficult to determine
the degree of their interdependence and the degree of
weight in determining the technical condition.

Nowadays these problematic issues are successfully
solved by calculation methods using artificial neural net-
works (ANNs). This is due to the ability of ANNSs to learn
how to approximate functions and extrapolate, divide a lot
of diagnostic data into classes and select the most infor-
mative features that carry the most complete information
about the hidden laws of the state of the system. All of
these operations ANN can perform in parallel with limited
information [12-14].

In accordance with the abovementioned the aim
of the work is to develop a method for predicting the
technical condition of low-thrust liquid rocket engines
using ANNs when processing telemetric data.

Selection of defining telemetry data for ANN. The
spacecraft’s active life in outer space is limited by the fuel
reserves on board and can be increased by increasing the
efficiency of its use. Depending on the tasks performed,
the low-thrust liquid rocket engines should operate con-
tinuously and in pulse modes. When operating in the
pulse mode, the low-thrust liquid rocket engine must have
a minimum time to reach the steady state when the engine
is turned on and a minimum thrust decay time when it is
turned off. The number of engine starts during operation
is hundreds of thousands; therefore, the impact of fuel
economy is significant. It is of great importance for en-
gines of the control system to ensure a minimum and sta-
ble momentum value of the engine afteraction pulse. The
afteraction pulse is mainly a function of the valve re-
sponse time, valve volumes and the number of unreacted
fuel components.

A high level of dynamic and energy characteristics of
the engine will depend to a large extent on the effective
organization of the liquid-phase interaction of the fuel
components, which will intensify the course of the con-
version of fuel into high-temperature combustion products
of the engine. On the other hand, to increase the reliability
of low-thrust liquid rocket engines, it is necessary to re-
duce thermal loads on structural elements.

In the spectrum of thrust fluctuations, the frequency
characteristics of the engine can be distinguished, the
change of which can be used as a sign of a violation of
normal functioning. Therefore, thrust is of independent
importance and should be considered as a necessary DP in
assessing the correct functioning of the engine [11].

Thus, the thrust (P), specific impulse of thrust (/) and
the thermal state of the structure (7%.me) should be used as
the DP for the low-thrust liquid rocket engine [15-17].
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When determining these DPs, the general telemetric
data are [15]:

ms—mass fuel consumption, kg/s;

T; — fuel temperature, K;

p. — the pressure in the combustion chamber, Pa;

t, — valve performance, s;

t,, — engine working time, s.

The selected factors are the most informative and
carry all the information about the relationships among
the DP. Therefore, the full range of telemetry tools for
monitoring and transferring these characteristics to the
ANN, as well as a special neural network algorithm,
should be included in the FDS for the low-thrust liquid
fuel engine.

Possibilities of ANN when processing telemetric
data of a low-thrust liquid rocket engine. At present,
more serious requirements are made to the information
content of the telemetry information transmission channel
from the spacecraft [18]. In modern FDS of rocket en-
gines, DPs are divided into slowly and rapidly changing
ones, the first include pressure, temperature, fuel con-
sumption, position of the drives, the second include ripple
of the propellant components, vibration and voltage of the
body parts. Slowly changing diagnostic parameters are
measured with a frequency from 0 to 100 Hz, rapidly
changing ones are measured with a frequency from 100 to
30.000 Hz [11]. Telemetry sensors are installed based on
the design features of the engine, and often they do not
meet the requirements to ensure the necessary depth of
diagnostics.

The transmission speed of 8 kbit/s in the telemetry
channel of the spacecraft control system is considered
unsatisfactory [19]. An increase in information content of
the channel can be achieved by increasing the physical
speed of telemetry and the frequency of the radio channel
range and thus increasing high technical costs. Another
solution is to compress the information before sending it
to the channel.

An additional point is that there are errors in the orien-
tation and stabilization of the spacecraft, which lead to
fluctuations in the measured values, as a result the incom-
ing telemetry information may contain lost portions of the
communication session with the spacecraft.

When making diagnostic monitoring during the flight
of the low-thrust liquid rocket engines, not only processed
telemetry information with minimal data loss is important,
but also its high-quality visualization and analysis.
Decoding the recorded signal significantly reduces the
control efficiency of the spacecraft; this operation takes
from 15 to 20 minutes, which takes a quarter of the aver-
age orbital period of many small spacecrafts [20; 21].

The listed factors that inhibit the process of opera-
tional control of the spacecraft also include special soft-
ware for processing telemetric information.

For this reason, in order to increase the speed and ac-
curacy of real-time of telemetric data of low-thrust liquid
rocket engines, it is advisable to use ANN. As already
mentioned, the main advantage of ANNs over other artifi-
cial computing systems is the ability to learn, generalize
and highlight hidden relationships between input and out-
put data. ANNs make it possible to increase the reliability
of the spacecraft operation due to the intelligent analysis
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and prediction of possible deviations of the onboard sub-
system parameters from the established standard values. In
the space industry, ANNs are increasingly being used in
solving management, control, and diagnostic tasks [22-24].

The main functional unit of the ANN is a neuron. The
synapses receive data from the sensors of the FDS into the
neurons. At the output the data is converted in accordance
with the settings of the neurons using various functions
(fig. 1). The input of one neuron may be the outputs
of other neurons. The accuracy of solving problems is
determined by the number of neurons, connections and
their activation properties.

To solve forecasting problems using ANNs, the func-
tion approximation approach is used. In this case, the ad-
justable parameters of the neural network during training
take the form corresponding to some function that
describes the time series of telemetry data. It should be
noted that forecasting makes sense only when a previous

change in diagnostic features predetermines the future
value.

The forecasting process is reduced to the following
sequence of stages [25-27]:

— preparation of initial telemetry data;

— training of the ANN;

— checking the adequacy of the ANN;

— description of the ANN using algebraic or logical
functions with a purpose to use it further.

At the same time, the ANN can be used as a classifier
of the state of a low-thrust liquid rocket engine (fig. 2).
When solving the classification problem, the ANN breaks
down the set of telemetry input signals, determines which
class the input signal belongs to, and signals new states. It
means that the neural network can identify previously
unknown classes of the state of diagnosed systems, which
is very important for developing new strategies for the
further operation of the rocket engine.

Fig. 1. ANN structure in FDS of rocket engines, where
H=pe witme wytty- witty - wy + Tp we;
w;i— coupling weight; P, Iy, Tgame = f(H)

Puc. 1. Ctpyxrypa MUHC B CD/ pakeTHBIX ABUTaTeNIEH, T
H=p wi+my wyt te" Wi + thas Wa + Tron* We;
Wi — BecoBoi ko3 duuuent csasy; P, Iy, Ty, = f(H)

Fig. 2. Scheme of the neural network as a classifier
of probabilistic states of a low-thrust liquid rocket engine

Puc. 2. Cxema paboTsl HelpoceTH Kak Kiaccudukaropa
BepOATHOCTHBIX cocTostHu JKPIIMT
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Fig. 3. Block diagram of a method for forecasting the technical condition of a rocket engine

Puc. 3. brnok-cxema METO/Zia MPOTrHO3UPOBAHUA TEXHUYECKOI'O COCTOSIHUSA PAKETHOT'O ABUTaTECIIsL

In this case, the ANN calculates the probability of the
current state and assigns the state of the engine to one of
the classes distinguished by the standards. Having proc-
essed the set of incoming data, the output neuron pro-
duces a signal corresponding to a certain class of techni-
cal condition (normal, satisfactory, critical).

Thus, the ANN can be used as a tool for calculating
the value of the DP in a certain period of time and as a
determinant of the current technical condition of a low-
thrust liquid rocket engine.

A method for forecasting the technical condition of
a low-thrust liquid rocket engine based on the ANN.
The general objective of the method for forecasting the
technical condition of rocket engines, using the ANN as
the analytical block of the FDS, is reduced to comparing
the approximated function of the current value of the DP
with its reference value in appropriate operating condi-
tions. At the same time, the tasks of extrapolating the time
series of telemetric data values for a given period of time
and determining the class of the engine condition
are solved (fig. 3).The proposed method consists of the
following steps:

— telemetry of the functioning of the low-thrust liquid
rocket engine;

— a control data set training of the ANN;

— extrapolation of the DP value for a given period of
time in the ANN;

— defining the class of the current state in the ANN;

— formation of a further operational strategy.

Conclusion 1. In the case of a close interrelationship
of the telemetric data of diagnostic features, it is difficult
to determine the degree of their weight in determining the
class of the current technical condition, as well as to for-
cast the further development of the functioning processes
of the low-thrust liquid rocket engine.

2. The most informative features of the normal func-
tioning of the low-thrust liquid rocket engine should in-
clude: mass fuel consumption, fuel temperature, pressure
in the combustion chamber, valve performance and en-
gine operating time. The selected features are necessary
when regulating traction, specific impulse and tempera-
ture of structural elements.

3. The use of the ANN to forecast the technical condi-
tion of the low-thrust liquid rocket engine, under the con-
ditions of a minimum amount of information coming
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from the sensors of the FDS, makes it possible to extrapo-
late time series accurately and determine the current state
of the system. But the use of the ANN involves training
and retraining, which imposes significant restrictions on
the efficiency of control of low-thrust liquid propellant
rocket engines during the flight.

4. To verify the effectiveness of the developed
method, first of all, it is required to develop a simulation
model capable of generating a discrete data stream, which
is telemetric information about the diagnostic features of
low-thrust liquid rocket engines, and after that the ANN
will be trained in forecasting and distinguishing technical
condition classes. The final stage of verification should be
carried out using real experimental data.
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