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Abstract. Currently, mathematical and computer modeling are the basis for the design of
complex technical systems, which include aircraft structures, of course. Direct tasks for
calculating the strength, flight, dynamic and other aircraft structures characteristics are widely
described in the literature, methods for their solution are known. In aircraft engineering the
inverse problem solution is primarily connected with strength characteristic calculation of
aircraft structures and heat transfer problems. The inverse problems also include aircraft
engines modes controlling tasks. Due to the fuel combustion disturbance, the engine is exposed
to random disturbances in the form of Gaussian white noises in real live operation. At the
bench test stage, not all system feedbacks can be accurately known. Thus, direct problems
describing the engine operation are represented as stochastic differential equations systems
with unknown parameters and additive white noises in the right-hand side. For such
mathematical models, the inverse problem solution with respect to control parameters is made
difficult by the need to estimate unknown parameters that can be realized in real conditions by
measuring the phase characteristics of the system.

1. Introduction

Mathematical and computer simulation is the basis for aircraft engines design [1-3]. Due to the fuel
combustion disturbance, the engine is exposed to random disturbances in the form of Gaussian white
noises in real live operation. At the bench test stage, not all system feedbacks can be accurately
known. Thus, direct problems describing the engine operation are represented as stochastic differential
equations systems with unknown parameters and additive white noises in the right-hand side.

The tasks of operation modes control aircraft engines relate to inverse problems [4-9]. It is
necessary to formulate the inverse problem and solve it regarding control parameters to determine the
parameters of the engine control. The engine control parameters is described by the direct stochastic
model However, due to the fact that some of the parameters are unknown, we will first have to
evaluate their values based on system phase characteristics measurements. This greatly complicates
the solution.

2. Problem formulation
Let the original linear dynamical system be described by differential equation system
X=¢x+Ab (t, <t<t);

X(ty) = Xos (1)
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Here t- is the time, [t,,t,]- the measurement interval, x=(x

9 ,...,xn) - state vector system (1) with

components X, =X, (t); X, = (Xol,...,xOn ) given initial values vector of state vector, (0=H(Pij ® o

A= Haij (t)ans - given function matrixes; b=(b1,... bs), - system parameter vector.
It is necessary to calculate such parameter values b of system (1), so that the phase coordinates

X = (x1 Xn) is minimally different from some given reference state, as a result of the direct

problem solution x° = (x{,...x;), X\ =X (t).
By random disturbances, system (1) is transformed into a stochastic:
X =X +Ab+ A (t, <t<t):
X(t,) = X°; @
Here A = (Al,,,,,An) - is random uncorrelated noise column vector A, = A, (t), affecting the system

with  zero expectation and given autocorrelation — matrix KA(t’t,):HKAii (t.t)

nxn?
X% = (X,°,...X,,°) - random initial state vector with expected valuex, and a given correlation

matrix K, .

So, it is necessary to create a computational procedure for solving the inverse problem for the
stochastic system (2) with respect to the parameters b. We organize the solution procedure in the form
of an iterative step-by-step process.

The mathematical formulation of the inverse problem can be formulated as the following
unconstrained optimization problem:

t1
_ k _yo\T ke H
J —t_[(x X") G(x" —x")dt = min 3)

where xk —phase state of the system at the k-th iteration of the solution, G-symmetric matrix of
positive coefficients.

Obviously, in the process of solving an inverse problem, the researcher may have varying degrees
of awareness regarding the parameters values. Also, not all parameters should be adjusted in the
process of solving the inverse problem. To reflect this circumstance, we present the parameter vector b
in the form: b=(u,v,w, g), and the system (1) at the k-th stage of solving the inverse problem is

represented as:
X =ox* +UU* + WK + WK + 09 (t, <t <t);
X (ty) = %, (k=01...); )
Here the index k corresponds to the iteration number, @=o;®)] U =Uy®] VvV =[Vv;®

W= "Wii (® ®= ”@ii (t) e - given function matrices @ ), U;@©), V), W;(@1), 9;();
uk = (ulk ,._,,umk)- adjustable parameter vector, the values (,° of which are known at the initial (k = 0)

stage of the corrections, and the final values are unknown; v* = (vlk,...,

nxn’ nxm’ nxr’

nxq

vrk) - adjustable parameter
vector with unknown initial 1,° and final values; wh = (Wlk,...,qu) - adjustable parameter vector with

unknown initial values \y0and known final values y°; 3=(91 ,...,19”) - unknown and

uncorrectable parameter vector.
Then the behavior of a real system with random disturbance affecting it at the kth stage the
problem solution can be represented as:
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. k

X =X +Uu* + WK +WW* + @9+ A (t, <t <t);

X*(t,) = X*°, (k=01..); )
For direct calculations and minimization of function (3), it is necessary to have an estimate of the
initial values of those parameters which values were unknown before the calculations, so we have to

have vector estimation §° = (v°,w°, ). (5) This estimate can be obtained on the basis of system

phase coordinates measurements (5). The measurement equation (meter) phase coordinates can be
written as:

Z () =HX @) +Y*(t) (6)
Here: Z*=(z,.Z¥,..,.ZX)- measurement results column vector with components Zz*(t),
S

»n - given matrix with elements H;;(t), determining the measurement completeness of

the state vector X*(t); Y =(Y1k...,ka)— random noise meter column vector with a given
autocorrelation matrix K, (t,t’).

So, it is required to calculate (correct) the parameters of the linear dynamic system (4) on the basis
of measurements (6) of the stochastic dynamic system (5) from functional minimum condition (3).
If f correction steps are required to achieve the functional minimum (3), then the state yf will

correspond to the values of the parameters (u',v', w",9).

3. Algorithm for solving the inverse problem
Extensive research was carried out to solve the problem [9-10], [12-15]. As a result, the following
algorithm for solving the inverse problem was developed to select the dynamic system parameters:

1. For the initial form system (4) with measurements according to (5) - (6), the transition state

matrix y(%,¢,) is determined, which satisfies the differential equation system in the form:
dy(t,t,)

dt
2. The functional matrix values are determined U™ (t),V™(t),W " (t),®"(t) according to the

formulas:

= (p(t)l//(t,to), l//(toato) = Enxn (7)

U™ = [utU@dr V' = [p(t oV (D)dr

fo ’ to s (8)
W= j y(t,rW(r)dt 0" = jl//(t,r)G)(r)dt ©

3. The matrix-valued function A(#) and the matrix A are calculated where is

_ 4
A=(UV') A=]ATTAdt (10)
b to b
G-symmetric matrix of positive coefficients.
4. The functional matrix elements are determined V™ (t),W ™ (t),®" (t) according to formulas:

V7 =HVS WY =HW"> ©” = HO" (1)
5. The matrix-valued function is formed B(t) :
B=(V"W",07) (12)

6. Disturbance process A*k = A’L (t) correlation matrix K“a(t,7) is calculated by using the known
correlation matrix K, u K, (t',t") and defined by the expression:

by
K3 (,0) 2wt ) Koy (8 + | [ (U)K, (.00 (2, 0)d et

oty

(13)
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7. The correlation matrix K. of disturbance meter process is calculated Y, (t):

K, =HOKLt)HT () + K, (t,7) (14)
8. The integral equations system is solved

t t
[ ®Bdt=Eg, f(O-A[f (@)K, dr =B
to ; f (15)
relatively to unknown functions f”(t) for effective, unbiased and stable unknown parameters values
vector estimation 6° = (v°,w°, 9).
9. Based on the obtained measurements Z*(t), the unknown parameters vector 6° = (v°, w°, %)
is calculated in the 0-th approximation:

~ tl J— *
(VOk_l,WOk_l, l9k—1) — J' f*z k-1 dt

o (16)
k—l* _lkil J*
Z = E)Z . a7

As a result, when k = 1, we obtain the estimates (V°°, %°°, 3°) .

10. Estimates of (U 1y ﬂ"l) adjusted parameters u',v" are figured out in accordance with the
formula:
4 ~
@V Y= AT ATT(X —p(t,t)x, —W W' —@"3“)dt (18)
fo
If k =1, estimates ({j 0,y f0) are determined in the zero approximation.
11. Corrective additives are calculated su°, &°, °:
aJk—l — Jfk—l _ u0 a/k—l — ka—l _\70k—1 aNkfl — W. _ Wok—l (kzl) (19)
12. The system is corrected when k = 1, due to the addition increment correction ou°®, &° u dw°,
and to the parameteru® and unknown parameter estimations v° u w°:
uf =u+ UV =V T W = w - S (20)
13. Based on previous process state estimation x¥, corresponding to parameter values u®,v*, wX
paragraphs 9-13 are repeated when k =Kk +1 and subsequent approximation to the adjusted state is
determined X', corresponding to the adjusted parameters uf v’ w*, 9.
This process is repeated until the desired corrected state is obtained with a given accuracy.

4. Conclusions

The developed algorithm allows us to effectively solve inverse problems for dynamic stochastic
systems with unknown parameters by measuring their phase characteristics. The performed
computational experiments have proved the applicability of the developed algorithm for the control of
complex technical systems in a perturbed environment.

5. References

[1] Quarteroni, A. Mathematical Models in Science and Engineering // Notices of the AMS. —2009.
—Vol. 56(1). — P. 10-19.

[2] Mokshin, A.V. Adaptive genetic algorithms used to analyze behavior of complex system / A.V.
Mokshin, V.V. Mokshin, L.M. Sharnin // Communications in Nonlinear Science and Numerical
Simulation. —2019. — Vol. 71. — P. 174-186. DOI: 10.1016/j.cnsns.2018.11.014.

[3] Lyasheva, S.A. The analysis of image characteristics on the base of energy features of the
wavelet transform / S.A. Lyasheva, M.V. Medvedev, M.P. Shleymovich, V.V. Mokshin //
CEUR Workshop Proceedings. —2018. — Vol. 2210. — P. 96-102.

VI Mesknynaposast KoH(pepeHuus 1 Monoaé&xkHast mkoina «HpopmaonHble TexHoornu 1 Hanotexnonorun» (MTHT-2020) 119



CCKHI/IH: Maremarnyeckoe MOZCINPOBAHUE CI)I/IBI/IKO-TBXHI/I‘IBCKPIX IIPOLECCOB U CUCTEM
The optimal aircraft gas turbine engine control in low gas mode in the conditions of external additive noise

[4]
(5]

(6]

[7]

(8]
(9]

Alifanov, O.M. Inverse Heat Conduction Problems — Springer, New York, 1994. — 348 p.
Kulikov, G.G. Introduction to Gas Turbine Engine Control / G.G. Kulikov, H.A. Thompson //
Dynamic Modelling of Gas Turbines. Advances in Industrial Control — Springer, London, 2004.
DOI: 10.1007/978-1-4471-3796-2 1.

Van Brunt, R.J. System for Measuring Conditional Amplitude, Phase, or Time Distributions of
Pulsating Phenomena / R.J. Van Brunt, E.W. Cernyar // Journal of research of the National
Institute of Standards and Technology. — 1992. — Vol. 97(6). — P. 635-672. DOI:
10.6028/jres.097.030.

Novikova, S.V. Structural optimization of the neural network model for the gas turbine engine
monitoring // Russian Aeronautics. — 2016. — Vol. 59(2). — P. 263-270. DOI: 10.3103/
S1068799816020185.

Novikova, S.V. Application of an adaptive correction algorithm to control a gas turbine engine
under conditions of noises // Russian Aeronautics. — 2006. — Vol. 49(4). — P. 37-40.

Tutubalin, P.J. Status of creation of hardware-software complex of automatic control of the
insulin delivery / P. Tutubalin, S. Novikova, A. Semenova, E. Komissarova, N. Arutyunova, S.
Sotnikov, A. Alexandrov // Phys.: Conf. Ser. — 2019. — Vol. 1368(4). — P. 042006.
DOI:10.1088/1742-6596/ 1368/4/042006.

VI Mesknynaposast KoH(pepeHuus 1 Monoaé&xkHast mkoina «HpopmaonHble TexHoornu 1 Hanotexnonorun» (MTHT-2020) 120



