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In the rapidly developing space and rocket industry, spacecrafts are being equipped with low-thrust liquid rocket 

engines. Нigh 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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В стремительно развивающейся ракетно-космической отрасли создаются космические аппараты, снаб-

жённые жидкостными ракетными двигателями малых тяг. К данному типу ракетных двигателей предъяв- 
ляются высокие требования по надёжности, эффективности и экономичности использования топлива. Для 



 
 
 

Авиационная и ракетно-космическая техника 
 

 79

обеспечения мониторинга характеристик космических аппаратов используют систему функциональной диаг-
ностики, в состав которой входят средства телеметрии и аналитической обработки данных. Телеметрия 
выполняет функции получения и передачи информации. Обработка информации выполняется в вычислитель-
ных центрах, находящихся на космическом аппарате и Земле. Наиболее перспективным вычислительным ин-
струментом, способным проводить прогнозирование временных рядов и классифицировать большой объём 
взаимосвязанных данных, считают искусственную нейронную сеть. В связи с этим предметом исследований в 
работе являются способы обработки данных с применением искусственной нейронной сети. Цель работы за-
ключается в разработке метода прогнозирования технического состояния жидкостных ракетных двигателей 
малых тяг с использованием искусственной нейронной сети. 

Во введении обосновывается актуальность исследований по использованию нейросети в системе функцио-
нальной диагностики жидкостных ракетных двигателей малых тяг для космических аппаратов. В основной 
части проводится анализ множества телеметрических данных ракетного двигателя и определена их весо-
мость при прогнозе основных диагностических параметров. В качестве диагностических параметров пред-
ложено использовать тягу, удельный импульс и температуру конструкции. Исследованы прогностические 
возможности нейросети и разработана принципиальная схема метода прогнозирования технического состоя-
ния жидкостного ракетного двигателя малой тяги. В разработанном методе на первом этапе нейросеть вы-
полняет аппроксимацию функции и экстраполяцию временного ряда данных телеметрических данных, на вто-
ром – определяет вероятный класс технического состояния двигателя. 

В выводах намечен план дальнейших экспериментальных исследований в данной области и даются рекомен-
дации по разработке и совершенствованию алгоритмов функционирования искусственных нейронных сетей  
в составе системы функциональной диагностики космического аппарата. В силу обобщённого характера  
методических схем, результаты работы могут применяться к любому типу ракетных двигателей и использо-
ваться на всех предприятиях ракетно-космической отрасли соответствующего профиля. 

 
Ключевые слова: ракетный двигатель, телеметрия, нейросеть, диагностический параметр, аппроксима-

ция, классификация, прогнозирование. 
 
Introduction. In the rocket and space industry, in the 

development of spacecrafts (SC), a significant part of the 
project time is occupied by the development of low-thrust 
liquid rocket engines (ZhRDMT). With this type of pro-
pulsion systems, the spacecraft can perform complex ma-
neuvers in space [1; 2]. 

The terminology in GOST 22396–77 “Low-thrust liq-
uid engines” defines ZhRDMT as executive bodies  
of a spacecraft control system with a thrust from 0.01  
to 1600 N. The low-thrust liquid engines can be combined 
into a low-thrust liquid engine module as an assembly 
unit consisting of several liquid-propellant engines and at 
least one common element (power frame, panel, fuel sup-
ply system, thermal insulation, etc.). 

The purpose of the low-thrust liquid rocket engines 
and their operating conditions impose on them a whole 
series of specific requirements and the following in par-
ticular: 

– multi-mode, due to continuous operation (duration 
up to τв > 103 s) and in various pulse modes with a mini-
mum on-time of 0.03 s or less and with various pauses - 
from 0.03 s to several days; the pulsed mode is divided 
into the mode of single short switching with long pauses 
between switching on, the pulsed mode, when short 
switching is alternating with pauses of various durations, 
and the mode of “connected” switching with very short 
pauses; 

– a large resource for the total operating time – up to 
50.000 s or more; 

– a large resource for the total number of on-time pe-
riods – up to 106; 

– the possibility of any combination of on-time and 
pauses; 

– ensuring high efficiency, specific impulse (Isp) of 
more than 2950 Ns/kg (300 s) for two-component low-

thrust liquid engines on a self-igniting pair of “nitrogen 
tetraoxide (NT) and asymmetric dimethylhydrazine 
(ADMH)”; 

– high reliability during operation – more than 
10 years, which requires an acceptable thermal state, both 
during engine operation and during prolonged silence. 

Low-thrust liquid rocket engines should have high re-
liability indicators, minimum weight and outer dimen-
sions, increased resource, efficiency, stability, and mini-
mal energy consumption. Ensuring a high level of these 
indicators at all stages of operation of a rocket engine 
requires accurate control of diagnostic parameters (DP) 
with subsequent prediction of the technical condition  
[3; 4]. For these purposes, the spacecraft is equipped with 
a functional diagnostic system (FDS), which allows to 
obtain diagnostic information about the low-thrust liquid 
rocket engine quickly, process data and issue a decision 
on the strategy for further operation.  

Algorithms for monitoring DP and fault detection  
in FDS are based on mathematical models of work proc-
esses [5–8]. 

At present the development of rocket technology is 
impossible without telemetry on spacecraft engines.  
Telemetry tools collect and convert sensor signals, store 
and transmit information to the control center. The use  
of telemetry can increase the information content and 
completeness of tests of low-thrust liquid rocket engines, 
reduce the number of tests and streamline planning in the 
shortest possible time [9; 10]. 

The main tasks of diagnosing low-thrust liquid rocket 
engines using telemetry tools are as follows [11]: 

– determination of the correct functioning of the en-
gine at all possible operating modes; 

– troubleshooting, indicating the location and possible 
cause 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 ANNs 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 (Iy) and 
the thermal state of the structure (Tframe) should be used as 
the DP for the low-thrust liquid rocket engine [15–17]. 

When determining these DPs, the general telemetric 
data are [15]: 

mf – mass fuel consumption, kg/s; 
Tf  – fuel temperature, K; 
pc – the pressure in the combustion chamber, Pa; 
tv – valve performance, s; 
tw – 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 = pk · w1 + mf · w2 + tv · w3 + tw · w4  + Тf · w6;  

wi – coupling weight; P, Iy, Tframe = f(Н) 
 

Рис. 1. Структура ИНС в СФД ракетных двигателей, где 
Н = pk · w1 + mт · w2 +  tкл · w3  +  tраб · w4  + Ттоп · w6;  
wi – весовой коэффициент связи; P, Iy, Tкон  =  f(Н) 

 
 

 
 

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

 
Рис. 2. Схема работы нейросети как классификатора  

вероятностных состояний ЖРДМТ 
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Fig. 3. Block diagram of a method for forecasting the technical condition of a rocket engine 
 

Рис. 3. Блок-схема метода прогнозирования технического состояния ракетного двигателя 
 
 
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 

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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