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Abstract: The article deals with issues related to the use of parametric information of the transient-state gas turbine engines (GTE) 
operation conditions for diagnosing their technical condition during the operation. A review of general approaches to computational 
algorithms for the recognition and classification of the condition applicable to aircraft GTE has been carried out. The significance of 
analytical models in modern algorithms for assessing the technical GTE condition is emphasized. The construction of a linearized 
mathematical model for the transient-state condition of the generalized-scheme aircraft GTE operation has been considered. It 
represents a system of equations analytically combining the relative parameter divergences measured during the engine operation 
with the relative divergences of unmeasured thermogasdynamic parameters and geometric gas-air flow duct parameters allowing 
for the technical condition of gas-air channel elements to be classified. A method for constructing mathematical and diagnostic 
engine models, using the transient response data, has been formulated. The capability of employing a method of insignificant 
divergences, used to build linear (linearized) mathematical and diagnostic GTE models for the steady-state conditions of its 
operation, has been demonstrated as well. It is shown that, despite the structural similarity of linear models of the steady and 
transient-state processes, diagnostics by means of the stated above processes is based on completely different principles – under the 
steady-state condition, the classification of a technical condition is determined by the variation in the value of the group of 
controlled responses, and under the transient-state condition, this operation is based on correlating the change in the transient-state 
behavior. To ensure the versatility of employing proposed methods regarding various GTE designs installed on modern civil 
aircraft, a generalized-design aircraft GTE model – a three-shaft bypass turbojet engine with mixing flows in a common jet nozzle, 
has been considered. 
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Применение метода малых отклонений для диагностирования 
технического состояния авиационного газотурбинного двигателя 

на переходных режимах его работы 
 

О.Ф. Машошин1, И.Г. Хармац1 
1Московский государственный технический университет гражданской авиации,  

г. Москва, Россия 
 
Аннотация: В статье рассмотрены вопросы, связанные с использованием параметрической информации переходных 
режимов работы газотурбинных двигателей (ГТД) для диагностирования их технического состояния в процессе 
эксплуатации. Проведен обзор общих подходов к вычислительным алгоритмам распознавания и классификации 
состояний применительно к авиационным ГТД. Показано место аналитических моделей в современных алгоритмах 
оценки технического состояния авиационных ГТД. Рассмотрено построение линеаризованной математической модели 
переходного режима работы авиационного ГТД обобщенной схемы – системы уравнений, аналитически связывающих 
относительные отклонения параметров, измеряемых в процессе работы двигателя, с относительными отклонениями 
неизмеряемых термогазодинамических параметров и геометрических параметров газовоздушного тракта, позволяющих 
классифицировать техническое состояние элементов проточной части газотурбинного двигателя. Сформулирован метод 
построения математической и диагностической моделей двигателя с использованием характеристик переходного 
процесса, а также показана возможность применения метода малых отклонений, используемого для построения 
линейных (линеаризованных) математических и диагностических моделей ГТД для стационарных режимов его работы. 
Показано, что, несмотря на структурное сходство линейных моделей установившегося и переходного процессов, 
диагностирование с их помощью базируется на совершенно разных принципах – на установившемся режиме 
классификация технического состояния определяется по изменению величины группы контролируемых откликов, а на 
переходном режиме эта операция основывается на сопоставлении изменения характера протекания переходного 
процесса. Для обеспечения универсальности применения предложенных методов к различным схемам ГТД, 
устанавливаемых на современных самолетах гражданской авиации, рассмотрена модель обобщенной схемы 
авиационного газотурбинного двигателя – трехвального двухконтурного турбореактивного двигателя со смешением 
потоков в общем реактивном сопле. 
 
Ключевые слова: переходные режимы, диагностирование, аналитические модели, авиационные газотурбинные 
двигатели, классификация состояний. 
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Introduction 
 

With the increase in the operating time, the 
engine performance varies not merely under 
steady but also under the transient-state condi-
tions of its operation. As the practice shows, a 
dynamic-response factor possesses high sensi-
tivity to the varying of basic condition (fac-
tors) parameters of an object under study. 
Since up-to-date facilities to measure parame-
ters allow for monitored parameters to be rec-
orded multiple times within a short span of 
time and for the dynamics of their variation to 
be assessed, this makes it possible to utilize 
them to diagnose and predict the technical air-
craft GTE condition. 

For example, pressure, temperature, pressure-
to-temperature ratio, flow velocity, oil and fuel 
consumption, flow areas of air-gas channel sec-
tions, thrust as well as the rotor speed are referred 
to the thermogasdynamic GTE parameters. 

Time series of monitored parameters are used 
in various methods of the object (image) condi-
tion identification based on the mathematical 
object behavior description: analytical methods, 
statistical methods (including Bayesian hierar-
chical modeling [1, 2]), modeling methods based 
on the similarity (SBM) [3], machine learning 
methods (ML, Deep ML) [4–8], etc. Diagnosing 
the technical GTE condition, using the methods 
of mathematical modeling, lies in the solution 
to the problem of recognizing the EGT image 
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(condition) (classification), i.e., selecting a sin-
gle variant of condition in the hierarchy (tree) 
of pre-determined possible GTE conditions. In 
many cases, a solution to the classification 
problem is supplemented by the calculation of 
the selected condition probability [9] and the 
limited parameter set, characterizing an ulti-
mate limit state (for example, residual RUL life 
or synthetic divergence parameters from an ob-
ject state classified as “normal”). 

In terms of calculations, the classification 
problem can be rationally solved based on: 
 one-stage calculation – a result (the most 

probable object state) is defined during a sin-
gle calculation cycle;   

  two-stage calculation – the binary classifica-
tion (the normal/abnormal state) is carried out 
in the first phase. In the second phase, the 
search for the most probable condition in the 
tree of abnormal states is executed provided 
that the result of the first calculation phase 
equals “the abnormal state”; 

  iterative calculation – the selection of a subset 
for variants of a solution, derived in the 
branch of the classification tree from the result 
of (i – 1)th calculation phase is the result of i-
th calculation phase. Iterations are completed 
while reaching the tree “leaf” or null decisions 
(for example, statistically imperceptible values 
for the probabilities of decisive subsets). 
In modern GTE diagnosis algorithms, two-

stage or iterative calculations are generally ap-
plied which allow for various mathematical 
models of an object, including analytical models, 
to be used at different stages of calculation.  

The analytical GTE models are built on the 
functional dependencies of thermogasdynamic 
parameters derived from theoretical explorations 
[10, 11] and practical research of the thermody-
namics and heat transfer processes. In the con-
text of diagnostics terms, monitored parameters 
are attributed to signs, but parameters, classify-
ing the GTE condition, are attributed to factors. 
Thus, thrust R, fuel consumption GT, turbine 
inlet temperature Т*Г or turbine exhaust tem-
perature Т*Т, parameters of the working sub-
stance along a duct as well as some parameters 
of fuel and oil systems can be referred to the 
engine condition signs.  Burnouts of turbine air-

foils, flame tube of combustions, deformation 
of the flow section elements, etc. can serve as 
the examples of possible conditions. 

The solution (classification of a state) is car-
ried out by critical divergences of thermo-
gasdynamic parameters. For example, the varia-
tion of turbine exhaust temperature is compared 
with a reference model. The reference model is 
built according to technical engine data. Tem-
perature is monitored at a takeoff mode to 
which the reference turbine exhaust temperature 
complies with. In some cases, temperature ТТ as 
well as parameters TН and РН are used to calcu-
late engine thrust, and it is compared with the 
thrust which should be generated under the 
conditions. 

Specific capabilities are embedded in the di-
agnostic parameter “fuel consumption”. The ex-
perience shows that the damage to the GTE air-
gas channel increases fuel consumption by 
120…150 kg/h with the simultaneous variation 
of other thermodynamic parameters. Fuel con-
sumption performance is well indicative of the 
technical condition of combustion chambers and 
turbine nozzles.  However, to be based on the 
experience, the precise metering of consumption 
is hindered by errors of flow meters resulted 
from the necessity to take into consideration 
kerosine-based aviation fuel density at various 
temperatures. 

Under certain conditions, GTE condition di-
agnostics can be also carried out by the pressure 
upstream the nozzles рт, but, in this case, meas-
urement errors can be critical. 

In order to ensure a reliable GTE condition 
classification by means of analytical models 
based on the results of gauged thermogasdynamic 
parameters, it is feasible to conduct the primary 
processing of time series. In addition to the stand-
ard processing (deleting bad-values, smoothing, 
recovery of missing values, etc.), parameter val-
ues should be brought to standard conditions and 
deterministic engine operation modes. 

The results of research in the domain of GTE 
diagnostics by thermogasdynamic parameters 
allowed us to specify that the most sensitive and 
informational factor of the engine air-gas chan-
nel condition is adiabatic turbine efficiency ηТ. 
Obviously, it is impractical to measure ηТ. How-
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ever, it can be expressed by rotor speed, extent 
of pressure ratio πK and turbine inlet temperature 
ТГ. This dependence will be empirical and spe-
cific referring to a particular engine. 

A known dynamic analytical engine model is 
also proposed to diagnose. In this case, average 
integral values of monitored parameters over a 
definite span of time of load run-up and reset are 
used as a response. 

Methods of the GTE performance calculation 
under the transient-state (not steady) conditions 
are considered in many theoretical explorations, 
applied research [12–15] and others. In this re-
spect, investigations of the dynamic diagnostic 
GTE gas turbine model are given in [16]. 
 
Goal and objectives of research 
 

The goal is the theoretical substantiation and 
investigation of capabilities for the use of ther-
mogasdynamic parameters of the GTE operation 
recorded under some transient-state condition of 
its operation for the efficient technical diagnostics 
of major gas generator assemblies. Obtained 
models (besides compulsory requirements im-
posed towards similar models) must be simple, as 
far as feasible, to allow for a great array of moni-
tored data to be efficiently processed for the pur-
pose of obtaining practically significant results. 

The goals of research were as follows: 
 an assessment of a principal capability to ap-

ply, for the transient-steady GTE condition, 
approaches and models used for the steady-
state conditions;  

 a construction of a linearized mathematical 
model of the transient GTE operation condi-
tion for the subsequent assessment of its tech-
nical condition using appropriate diagnostic 
models; 

 an assessment of limitations and assumptions 
encompassing a practical field for the applica-
tion of constructed models. 

 
Methods and materials of research 
 

While conducting the research, the methods 
of mathematical modeling of thermogasdynamic 
processes, linearization methods of second-kind 

and greater model equations, methods of statisti-
cal processing of parameter arrays and the com-
parative assessment with modeling results.  

As a starting point of research, a linear (line-
arized) mathematical model (MM), determining 
relationships among insignificant divergences of 
engine thermogasdynamic parameters, is under 
consideration. To be based on such a model, di-
agnostic GTE models are constructed, at the 
same time, a problem of determining variations 
of a series of parameters during the operation, 
which characterize its technical condition by the 
change of a specific group of its monitored pa-
rameters (factors), is solved. In order to calculate 
a diagnostic model of the given type, a method 
of parallel matrices, stated in [17], is employed. 
As a result, its solution is classified into the 
group of decisions of redundant subsystems of 
equations based on the same general MM. The 
derived diagnostic matrices are analyzed line by 
line on the limits of errors. Equations (lines) 
with high values of computed errors are exclud-
ed from the further analysis. The total calcula-
tion result represents an aggregate of parameter 
divergences according to which the technical 
engine condition is classified. 

Insignificant divergences of argument parame-
ters, involved in forming diagnostic models, are 
defined by comparing the results of their meas-
urement at various time points using the same ele-
ments of measuring chains. Thus, the diagnosis 
accuracy by means of a diagnostic model is de-
fined not only by an error of measurement but their 
frequency. The 1% error in the value of the relative 
divergence amounts barely a small portion of error 
percentage in the absolute parameter value. 

The requirements concerning the scope of di-
agnosis outline the minimally required number 
of diagnostic sub-models (levels) under which an 
assigned degree of defect isolation will be 
reached. Notably, where appropriate, a list of 
structure-used sub-models of factors can be ex-
panded not only by the calculation of an original 
linear MM, using additional equations, but also 
by means of a logical transfer to linear diagnos-
tic models [18] not directly associated with the 
original linear MM. 

It should be pointed out to the fact that the 
diagnostic models under consideration are poor-
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ly suited for the binary classification problems 
(normal/abnormal state) but can be applied in the 
two-stage or multi-stage diagnostic algorithms in 
phases of investigating individual tree branches 
of the condition classification. 
 
Usage of the transient-state conditions 
models, obtained for the steady-state 
GTE operation conditions 
 

While calculating the transient-state condi-
tions, it is common practice to assume a quasi-
steady state of the operation process, i.e., it is 
supposed that for the mathematical description 
of conditions, the most of relationships, used for 
the calculation of the steady-state (design) GTE 
operation condition, are applicable. Merely, the 
equations of power balance for the turbine and 
compressor located on the same shaft, in which, 
it is essential to take into consideration the time-
variation of kinetic energy of spinning rotary 
masses, are subjected to significant variations. 

One of the main engine performance figures is 
the power response which is determined by mini-
mum time required for the transition from the idle 
mode for the maximum thrust mode, i.e., by the 
time of acceleration tРАЗГ from пМГ to пВЗЛ, as well 
as by the time of reverse transition from пВЗЛ to 
пМГ  – by the time of rotation speed reduction tСБ.  

Thus, let us assume that: 
 equations of continuity, consumption and its 

corollaries remain true for the transient re-
sponse data; 

 balance of rotor power under the transient 
GTE operation condition is defined in con-
formity with the formula 

 

 K
T

M

N dEN
dt

 


, (1) 

 
where  
 

 
2

2IE  , (2) 

 
E is rotor kinetic energy; I is the moment of 

rotor inertia relatively the spinning axis; ω is an 
angle speed of rotor spinning. 

Power can be defined according to the for-
mula 

 
 N = LG = M. (3) 

 
Here L is operation; G is second consumption 

of working substance; M is torque. It follows 
from the equation (1): 
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Here 
K

B
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Gm   is the air-to-gas ratio. Suppo-

sing that under the reset condition 00
0

1
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m
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it can be written in the form: 
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If to assume that under the short-term transient condition, the value m varies insignificantly, then 
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m
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 1 . The latest expression will be as follows: 
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As  
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then (5) will be provided as follows: 
 

        0
2

B K
T K T K

G L L L d dn S L L
I

         


. (6) 

 
Here S is the constant defined at the datum 

point of the transient-state condition.  
 

 2
0

B K

Z

G LS
I

 
  
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. (7) 

 
The value S characterizes the ratio between 

the compressor power and kinetic energy of ro-
tor spinning under the original steady-state con-
dition. 

Rotor acceleration at an assigned rotation 
frequency is defined by the value of fuel supply 
excess GT. In real processes, fuel supply excess 
is conducted considering a series of limitations. 

Under the steady-state condition, maximum 
turbine inlet temperature ТГтах is reached at the 
maximum rotation speed птах. During the accel-
eration, under п < птах, a short-term temperature 
overheat ТГ above the maximum value by 
50…120 is allowed. When there are no other 
limitations, fuel supply can be increased by 
1.5…2 times at acceleration modes. Temperature 
ТГ increase during acceleration due to the effect 

of heat throttling causes the parameter 
 B

R

q 
  

increase which is identical to the ratio 
B

K

G
  

incease. The given circumstance results in to the 
fact that  at the same rotation speed, a point of 
combined turbine-compressor operation shifts 
while accelerating towards the boundary of its 
steady operation. As a rule, under small and 
average values n, possible excesses of fuel supply 
are limited by the compressor stability, and under 
large values n are limited by temperture ТГ. The 
rotation speed n and, in particular, thrust P vary 
insignificantly at the beginning of acceleration 
and increase abruptly at the end. 

The rotor speed is reset by reducing the fuel 
supply. In this case, the turbine power becomes 
less than the power consumed by the compres-
sor, and the rotor receives negative acceleration. 
The main factor limiting the reduction in fuel 

supply when the rotation speed is reset is the 
limit of stable combustion chamber operation. 

The specific features of the unsteady pro-
cesses in a two-shaft GTE are associated with 
the fact that when the power balance on the tur-
bocompressor shaft is disturbed, the high- and 
low-pressure rotor speed generally varies at dif-
ferent speeds, and the slip value C = n2 / n1, dur-
ing the transient-state process, may differ sub-
stantially from its value both in the initial and 
final modes. 

Thus, in a two-shaft turbojet engine (TJE), as 
the rotation speed decreases, the rotor slip increas-
es, which is caused by variations of the angles of 
attack in the compressor spools, as well as by the 
nature of the redistribution of pressure differential 
between compressor spools. The same patterns of 
gas-dynamic relationships develop in these engines 
under the transient-state conditions. 

However, during the acceleration process, the 
rotor slip increases, and during the reset process, 
it decreases compared to the steady-state condi-
tions. This difference makes alterations to the 
nature of the position of the joint turbine-
compressor operation line on the low-pressure 
compressor (LPC) characteristic.  

During acceleration, the rotation speed n2 in-
creases faster than n1. This reduces LPC throt-
tling; the line of joint operating modes shifts to 
the right into the area of excessive air flow rates. 
When the rotation speed is reset, the increase in 
slip slows down and the high-pressure compres-
sor (HPC) begins to throttle the LPC, which 
leads to a shift in the line of joint operating 
modes towards the boundary of stable operation. 

The appearance of the curves, characterizing 
the joint turbine-compressor operation on the 
HPC characteristic, is similar to the appearance 
of these curves for a single-shaft TJE. 

Two-shaft bypass turbojet engines retain the 
same features of the transient-state process as 
two-shaft TJE. The only difference is that the 
divergence of the line of operating modes on the 
fan characteristic from the line of the steady-
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state conditions turns out to be less than that of a 
TJE; whereby, the greater the bypass ratio, the 
smaller the divergence. This issue is explained 
by the fact that the air flow through the fan is 
determined not only by the air flow through the 
HPC, but also by the flow through the external 
circuit, which insignificantly depends on the ro-
tor sliding. 

For the transient-state conditions caused by a 
slight variation of parameters compared to their 
values under the original steady-state condition, 
it is permissible to solve the problem under con-
sideration in a linear formulation. 

Assume that the power balance on the rotor 
shaft is disrupted as a result of some finite in-
crement in fuel consumption GT. This will 
cause an increase in п, TГ, K and other parame-
ters, which will lead to a variation of LT and LK 
in accordance with the equations for the turbine-
compressor operation in the initial mode [19] 
(hereinafter, for simplicity of calculations, for-
mulas for a single-shaft engine are used): 

 
 LT = TГ + K3T + T, (8) 

 
 LК = Knn + KLK – K, (9) 

 
where K are the corresponding base coefficients. 
Taking into account (8) and (9), equation (6) will 
take the following form1: 

 
 (δn)′ = S(TГ – K3T – Knn – KLK). (10) 

 
In the unsteady process under consideration, 

we also neglect the variation of gas mass in the 
engine air-gas channel volume (GB = GГ = 
const). The compressor characteristics are as-
sumed unchanged. 

The continuity equations after simple trans-
formations can be represented as follows: 

 
 (1 – K10)K – Kmn = 0.5ТГ, (11) 

 
 (1 – 0.5 K3K4 + K6)T = K6K. (12) 

 
Since power imbalance is caused by the vari-

ation of fuel consumption, we use an equation 
that relates GT to other parameter variations. In 
this case, as already mentioned above, we ne-
glect the combustion efficiencyГ variation, the 
lag in heat generation with a sharp increase in 
fuel consumption, as well as the heat accumula-
tion by the air-gas channel parts. According to 
the equation of energy conservation in the com-
bustion chamber, let us write down: 

 
 GT = GB + K5ТГ – (K5 – 1)TK.  (13) 

 
As equations that close the system, we use 

the expressions for air flow and temperature at 
the compressor outlet: 

 
 GB = Kmn + K10K, (14) 

 
 TK = K2Knn + K2KLK. (15) 

 
The system of equations (11)–(15) allows us 

to determine all the main engine parameters 
through n and GT. 

So, for example, it can be shown that: 
 

 K = KX GT + KY n, (16) 
 

 TГ = Ka GT – Kb n, (17) 
 

 T = K6 KZ (KX GT + KY n), (18) 
 

 
where1 
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1  We assume that for the transient-state condition δηT = δηK = 0. 
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Let us introduce an expression that establish-

es the relationship between the specified parame-
ters (for example, using a fuel supply controller) 
in the form of a linear function: 

 
 (δn)′ + aδn = bδGT,   (19) 

 
where a and b are constant coefficients: 

 
 a = M [Kb – KY (K3K6KZ – KL) + Kn], 

 
 b = M [Ka + KX (K3K6KZ – KL)]. 

 
The general solution of the linear differential 

equation (19) takes the form: 
 

 at at
Tn e b G e dt const       . (20) 

 
If the increment in fuel supply GT (com-

pared to fuel consumption in the original mode) 
is instantaneous and remains constant at the time 
of the entire transient-state process, then from 
(20) it follows that: 

 

 at
T econstG

a
bn   .  (21) 

 
The integration constant is determined from 

the initial conditions. At t = 0 we have п = 0. 
Accordingly 

 

 T
bconst G
a

    

 
and 

 

  1 at
T

bn e G
a

    . (22) 

Formula (19) determines the law of change in 
rotation speed in duration of the transient-state 
condition caused by the fuel consumption varia-
tion by the value GT. By specifying different 
values of time t, you can determine the corre-
sponding value n, and then, substituting it into 
the resulting expressions (11)–(15), find the val-
ue of the required parameters at any moment of 
the transient-state process. From (22) it follows 
that at t  :  

 

 TG
a
bn   . (23) 

 
This rotation speed value n characterizes the 

new final engine condition, which will be estab-
lished as a result of the fuel consumption varia-
tion. 

In the case when the initial disturbance is not 
instantaneous, but changes under the transient-
state condition depending on any thermogasdy-
namic parameter or time variation, coefficient b 
in equation (19) will be a variable value and the 
solution will take a more complex form. 

Solutions can be obtained similarly if the im-
balance of power on the shaft is caused by other 
factors, for example, a rapid change in the jet 
nozzle area FС or in the combustion mode in 
the afterburner. 

To determine the behavior of a parameter 
variation in a two-shaft GTE during the transi-
ent-state condition caused by an imbalance of 
power on each compressor shaft, one should use 
the system of equations written for a two-shaft 
GTE and the general principles for calculating 
unsteady modes outlined above. 

After a series of transformations similar to 
those carried out when composing a mathemati-
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cal model of a single-shaft engine, instead of 
(10), we obtain a system of two ordinary linear 
inhomogeneous differential equations of the first 
kind of the form: 

 

 
 

 
1 1 1 1 2 1

2 2 1 2 2 2

;

,

T

T

n P n Q n N G

n P n Q n N G

       
        

 (24) 

 
where P, Q, N are numerical coefficients. 

An example of the construction and calcula-
tion of a linear mathematical model of the transi-
ent-state condition for a two-shaft PS-90A-type 
GTE is considered in detail in [19]. 

As a result of integrating system (24), the de-
pendences of the turbocompressor rotation speed 
on the time and the change in fuel supply are de-
termined: 

 
  1 1 , Tn f t G   ;   2 2 , Tn f t G   . 

 
Using the linearized equations of the two-

shaft GTE processes as obtained for its transient-
state condition of its operation, from the values 
n1 and n2, if applicable, as before for a single-
shaft one, to determine the laws of variation of 
all other necessary characteristics. 

It should be noted that, within the meaning of 
the presented solution, the end effects retain the 
basic properties of linear equations, i.e., the pro-
portional variation of the increments of all pa-
rameters at any moment of the transient-state 

process depending on the magnitude of the dis-
turbance (for example, from GТ). The joint in-
fluence of several disturbances is determined by 
the summation of partial parameter increments. 
 
Modeling of the transient-steady 
processes of a generalized schematic 
diagram engine  
 

We will consider the transient-state process 
that is caused by an insignificant parameter vari-
ation compared to their value in some original 
mode. To ensure the versatility of the approach 
to constructing a mathematical model, we will 
consider a generalized aircraft GTE schematic 
diagram. A mathematical model (MM) has been 
compiled for a three-shaft by-pass TJE with flow 
mixing in a common jet nozzle (fig. 1), since 
most engines in use in civil aviation are its par-
ticular variants and can be obtained by excluding 
some elements from it. 

The construction of such a MM is practical 
on the basis of the universal linear GTE MM 
given in [20]. To do this, adjustments should be 
made to it related to the dynamic nature of the 
processes under consideration. 

First of all, as shown earlier, it is necessary to 
take into account the power imbalance on the 
shafts of low, medium and high pressure turbo-
compressors by introducing additive components 
S1(dn1), S(dn), and S2(dn2)on the right side of 
the corresponding power balance equations.  

 
Fig. 1. Schematic diagram of a three-shaft gas turbine engine 
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Here 
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are accelerations of the rotational motion of the 
low, medium, and high-pressure rotor, respec-
tively, and the constant  
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characterize the relationship between power and 
kinetic energy of rotation of the corresponding 
rotor.  

The expressions for S1, S and S2 comprise the 
inertia moments I1, I and I2 of the low, medium, 
and high pressure turbocompressors. 

Further neglect the working substance mass 
variation, combustion efficiency, lag in heat 
generation and its accumulation by engine parts 
(we assume that the engine is warmed up). Oth-
erwise, the system of equations developed for 
the steady-state condition remains unchanged. 

Some information about the original system 
of equations is given in [15, 20, 21]. 

This system of equations establishes a con-
nection between parameters characterizing the 
engine (factors) condition, the condition (re-
sponses) characters and operating parameters. 

The MM comprises 53 linear equations and 
91 variables. As independent MM variables we 
take all the areas of the flow sections (FTB, FTC, 
FTH, FC1, FC2, FC), tightness coefficients (q1, q2, 

qox, qф), efficiencies of the main components 
(B, П, K1, K, Г, TB, TC, TH, M1, M, 
M2), as well as total pressure conservation coef-
ficients (BX, KC, TB, TC, TH, C1, C2, 2, 
CM, C). Generally, the subscripts correspond to 
the sections shown in Figure 1. 

Furthermore, there are independent operating 
parameters: rotor speeds n1, n, n2, fuel consump-
tion GT (or time t), flight Mach number, as well 
as environmental parameters: РН and ТН. Since 
there are m = 38 independent variables, the 
number of unknowns is equal to the number of 
equations (n = 53), and, accordingly, the above 
system is defined. 

It should be noted that the stated universal 
linear MM comprises the most common list of 
thermogasdynamic parameters and standard 
formulas for bringing the parameters for the 
standard atmospheric conditions. If applicable to 
introduce additional parameters, control laws, 
formulas for given parameters, etc. for a specific 
type of gas turbine engine, additional equations 
may be included into the linear MM. 

The main operations for calculating and ana-
lyzing diagnostic parallel matrices for the 
steady-state GTE operation conditions are de-
scribed in [20, 22, 23]. 
 
Research results 
 

Computational studies show that methods for 
calculating and analyzing diagnostic parallel ma-
trices for the steady-state conditions are also 
suitable for calculating diagnostic models of the 
transient GTE operation conditions. At the same 
time, despite the external MM similarity of the 
steady and transient-state processes, diagnosing 
with their help is based on completely different 
principles. Under the steady-state condition, var-
iations of the technical condition are determined 
by the variation of the value of the group of con-
trolled responses, while under the transient-state 
condition, this operation is based on a compari-
son of changes in the transient behavior. 

It should be noted that this circumstance al-
lows the joint use of both models, which in this 
case, complement each other, thus, significantly 
expanding the diagnostic capabilities. 
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So, for example, after determining В, К, 
ТВ, ТН, Г and q under the steady-state 
condition, you can take their values as a first ap-
proximation, then substituting them into the MM 
of the transient-state process. This makes it pos-
sible to use it to calculate changes in a group of 
other factors, for example, КС, FТВ and FТН. 
The first factor, along with Г, characterizes the 
combustion chamber condition, its operation ef-
ficiency, and records the appearance of burnout, 
while an increase in FТВ or FТН may indicate 
burnout of one of the turbine nozzles. By substi-
tuting the obtained values of КС, FТВ and 
FТН into the diagnostic model of the steady 
process, it is possible to determine В, К, 
ТВ, ТН, Г и q in the second approxima-
tion. Iterations should be repeated until the dif-
ference in the results of the ith and (i+1)st approx-
imations satisfies the specified requirements for 
calculation accuracy [13]. 

If you do not expand the range of diagnosed 
parameters, you can increase the accuracy of 
their determination by increasing the number of 
independent calculation formulas. 

To perform a comparative analysis of chang-
ing controlled parameters of the transient-state 
process, you can use their average integral val-
ues for a selected control period of time. From 
the resulting mathematical model, it is not diffi-
cult to obtain the corresponding calculation for-
mulas. 

A higher quality processing of the results of 
calculating diagnostic matrices for the transient-
state operation conditions can be carried out tak-
ing into account the assumption of equal proba-
bilities of damage to the GTE gas-air channel. 
Accordingly, when constructing adequate multi-
system diagnostic models, there is a need to take 
into account the probabilities of occurrence of 
various gas-air channel malfunctions and their 
possible combinations in relation to a specific 
GTE type. 

To take into account the operational GTE 
features when assessing its technical condition, 
the method of constructing multi-system diag-
nostic GTE models is employed, using elements 
of centralist hierarchical structures [20]. The es-
sence of the method is to localize GTE defects 

through sequential optimization of a set of fac-
tors used in the linear diagnostic models. The 
process of selecting factors (optimization) is re-
duced to constructing several levels of the linear 
diagnostic models, at each of which the follow-
ing procedures are performed: 

1) calculation of the linear diagnostic model 
of the ith level; 

2) analysis of the reliability of the results of 
calculating factor divergences using the ith level 
model, analysis of the significance of the result-
ing deviations for each factor; 

3) checking whether the boundary conditions 
have been achieved (if the result is positive, the 
optimization process is completed); 

4) modification of the current set of factors 
by: 

• excluding factors with zero (insignifi-
cant) deviations from the model; 

• determining the “leading” factors (factors 
with maximum divergences) and intro-
ducing additional factors into the model 
that characterize the same node as the 
“leading” factors; 

• construction of a new set of factors, al-
ternative to that calculated in the ith 
model; 

5) construction of a linear diagnostic model 
of the (i + 1)th level. 

The significance of the jth factor of the cur-
rent model is determined both by its absolute 
value (absolute significance) and by the relative-
ly obtained divergences of other factors (relative 
significance). When analyzing the resulting di-
vergences, in most cases the relative importance 
of the factor should be considered priority. 
 
Discussion of results 
 

The completed studies provide a theoretical 
basis for the development and substantiation of 
practical methods and algorithms for diagnosing 
the technical condition of the GTE gas generator 
elements based on the values of thermodynamic 
parameters (responses) recorded directly during 
the GTE operation. The use of such methods will 
increase the validity of assessing the technical 
condition (if the methods are employed in con-
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junction with other methods for diagnosing the 
condition of the flow part), as well as increase 
the efficiency of obtaining an assessment of the 
aircraft GTE condition under operational condi-
tions. 
 
Conclusion 
 

Modern algorithms for assessing the tech-
nical GTE condition and early detection of faults 
use various methods and models of dependencies 
between the measured GTE parameters and the 
conditions classified by the algorithms. In order 
to achieve a reliable classification of the GTE 
condition by analytical models based on the re-
sults of measured thermogasdynamic parame-
ters, it is necessary to carry out primary pro-
cessing of time series. After standard processing, 
the values of the series are reduced to standard 
atmosphere conditions and deterministic engine 
operating modes. 

Deterministic models for diagnosing aircraft 
GTE can be expressed through a system of equa-
tions for the engine condition, the solution of 
which makes it possible to assign the technical 
GTE condition under study to one or more clas-
sification elements in the state tree. Linear (line-
arized) diagnostic equations are a finite set of 
expressions constructed for the increment of air 
flow, turbine inlet temperature, specific flow and 
other thermogasdynamic parameters. The right 
side of these equations contains the parameter 
divergences, which are determined by comparing 
the current values with the reference values. 

The number of diagnostic equations is de-
termined by the classes of possible GTE condi-
tions, as well as the nomenclature, frequency, 
and error of the measured parameters. Recently, 
for the GTE diagnosis, it has been proposed to 
use complex parameters that, in an analytical 
form, connect several parameters with each other 
and, thereby, most fully characterize the operat-
ing procedure occurring in the engine. 

It should be noted that the universal linear 
MM specified in the article contains the most 
common list of thermogasdynamic parameters 
and standard formulas for reducing the parame-
ters to the standard atmospheric conditions. If it is 

necessary to introduce additional parameters, con-
trol laws, formulas for reducing the parameters, 
etc. for a specific type of aircraft GTE, additional 
equations may be included in the linear MM. 

As a result of the research, a method for con-
structing mathematical and diagnostic models of 
an aircraft engine, using transient response data, 
was proposed, and the capability of employing 
the methods used to construct linear mathematical 
and diagnostic models for the steadystate opera-
tion condition was shown. As a result, the model 
makes it possible to extract and interpret diagnos-
tic information from data series obtained during 
the process of loading and unloading, as well as 
to expand the amount of information obtained 
about the technical aircraft GTE condition. 
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