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Formalized conditions for carrying out a diagnostic experiment associated with the identification of
faulty fragments (subschemes) of inertial-free systems are obtained. The diagnostic experiment is
reduced to computational procedures for localization of faulty subschemes, which are based on
testing hypotheses that the characteristics of the allocated subschemes have changed. Hypotheses are
formulated in such a way as to ensure the detection of parametric and structural faults. The first, for
example, may include changing the resistance of the circuit, and the second - an open or short circuit.

When the system is divided into subschemes, the latter are selected from the condition of their
parametric identifiably, i.e. The situation when, based on the known parameters of the remaining
subschemes, as well as the input and output signals in the whole system, it is possible to determine the
parameters of the subscheme under consideration. Planning a diagnostic experiment is as follows.

Assuming a linear relationship between the parameters of the allocated subscheme .S ; and the output
signals of the system, a verification matrix I is created in advance, which determines the
interrelation of the indicated parameters and signals, considering the serviceability of the subscheme
under consideration. In the event of a malfunction, the verification matrix ¥ changes, which allows
to determine the nonconformity matrix , on the basis of which analysis it is possible to obtain an
estimate Ap, of the parameters Ap, of the subscheme S, under consideration, as a result of

which it is concluded that it is serviceable. Procedures for testing hypotheses on the health of the
subschemes of the inertial-free system for cases of parametric and structural faults are of an identical
nature. The principal difference between experiment planning and structural faults from planning for

parametric faults is that for parametric faults the value Ap, does not depend on the input signals of

the system, while for structural faults — the value Ap, depends on the input signals of the system,

in an unknown way.
Keywords: diagnostics, diagnostic experiment, fault location, inertial-free systems, estimation of
subschemes parameters.

Introduction. To solve a wide range of problems in the study of systems (identification, control of
operability, preventive maintenance), methods of the theory of experimental design are widely used,
allowing, in the presence of measurement noise, to obtain estimates of the parameters of the system
model that are best in some sense. It should also be taken into account that the features of the dynamic
behavior of systems, for example, their lack of inertia, do not have a significant effect on the
procedures for carrying out these experiments [1].

When diagnosing, even in the case of the most simple parametric faults in the subschemes, it
is necessary first of all not to get the parameter estimates, but to establish the faulty subschemes. This
formulation of the problem presupposes the need to ensure the best distinguish ability of the
subschemes [2 — 4].

Objective. Formalization of the conditions for planning a diagnostic experiment in problems of
determining the operability of inertial-free systems in the localization of parametric and structural
faults in their subschemes.

Main part.Suppose that in one of the subschemes only parametric faults are possible. In this case, the

description of the faulty subscheme S has the following form

Z, = @*(V’pi); i:L_N’
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where Z, — is the vector of the subschemes S, parameters, p, =p, +Ap,; p; € D,, D, — the

area of the values of the subscheme S, parameters, p° — the vector of the nominal values of the
dimension r, parameters, N — the number of subschemes to be checked.
A subscheme S, is parametrically identifiable if, with known parameters of the remaining

subschemes, the input and output signals in the system as a whole can be determined by its subscheme
S, parameters.

Consider the subscheme S, for which the relationship between the parameters and the output

signals of the system is linear. In this case, the description of a system with a defective subscheme S,
can be represented as follows:

yoF W+ Ty 1w, M)

T
i

where y — the vector of the output signals of the system, u — the vector of the input signals of the

system, F~ (u) — a verification matrix composed of the elements of the fault dictionary.
Denoting {6F* (u)] / op; }: q, (u) , we rewrite (1) in the form
Ay=y—F (W)=q,wAp,. i=LN. 2)
If there is such a value we D, as rank g,(u)=r7,, then from (2) we can obtain an

estimate Ap, of the parameters Ap, . In this case, the identification task is solved with one set
of input signals of the system. If the rank g,(u) <7, then the task of identification can be
solved only if on the diagnosed system it is possible to give sets of input signals

U* = (ul,...,u“)T, in which
4q; (ul)
rank Q,(U") =rank | : =r-
q,(u")
Estimation of the parameters of the subsysteme S is determined from equation
AY(U*)=Q,[U")Ap; i=1,N, 3)
where AY(U” ) = [Ay(ul), oo Ay(u” )] L
The problem of diagnosing will be solved by testing hypotheses /, . The hypothesis H , ,

i=1,N is the assumption that the parameters of the subscheme §, have changed and the description

of'the system has the form (1).
The hypothesis H , 1is verified by testing the compatibility of equation (3), whose matrix

Q(U * ) must be rectangular.
Subschemes §,, S;; i# j are not distinguishable under the hypothesis H , , if for a given

value Ap; there exists sucha value Ap, € D, that
q;(wW)Ap, =q,(w)Ap;, ueD,. 4)
The criteria for the distinguish ability of the subschemes S, S, parameters are determined

from the conditions under which equality (4) is not satisfied.
The parameters of the subschemes S;, S, are distinguishable under the hypothesis H , if

and only if there exists a value U"* such that

rank {Qi(UK)|Qj(U")}:ri+rank Q,(U"). (5)
\
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In this case, the subscheme S, parameters can be unidentifiable due to the fact that
rankQ ,(U") <r;.

Let us write down the necessary condition for the distinguish ability of the parameters of the
subschemes S, S ;s under the hypothesis H o

ranl{Qi(UK)ins (UK):lzri +1; S=1Lr,,
|

where Q ;(U") — is the s -th column of the matrix Q, .

If only one parameter in the system is allowed to change, then condition (5) with respect to the
distinguish ability of all the system parameters reduces to the existence of input signals of the system

ensuring pair wise linear independence of the columns of the matrix [Ql w"),....Q,U" )] , Where

N 1is the total number of parameters tested [5]. And linear independence of different columns can be
achieved with different input signals of the system.

1.  Planning a diagnostic experiment when estimating the subscheme parameters. Let
the scalar output of y be measured with an error. Assuming that only parametric faults can exist in the
subscheme S, and the system model is linear in the parameters of the subsystems under test, the
description of the faulty system is similar to (2) in the form Ay + & = g, (1) Ap, . Changing the values

of the input signals of the system, we form, similarly to (3), a system of algebraic equations for
obtaining estimates Ap, of the parameters Ap, :

AA=Q; Ap,, (6)
where AA = [Ay(ul)Jr 51,...,Ay(u")+§”]r , Q, =Qi(U’<).

Suppose that the measurement error values & have a normal distribution with zero

expectation £ [g‘ ’] =0 and the same variance o, are not correlated with each other, and also with
q,(wu"), Ap,. In this case, the quantities Ay(u")+&", r= 1,_K are independent, normally
distributed, with mathematical expectation Ay(u’) and the same variance o,

The assumptions made allow us to use the method of least squares to obtain an estimate Ap, :

~ T -1 T
Ap; :(QiQi) Q; AA. (7)
It is assumed that the matrix Q;Q, =F,, called the information matrix (the Fisher matrix), is
no degenerate.
If the vector were measured without errors, then from (3) it would be possible to obtain exact
(errors of computation are not considered) parameter values Ap, = (Qle. )_1 Q/AY . The covariance
matrix of estimates of the subscheme S, parameters is as follows:
cov[Ap,]=E (A5, — A0 (5, —Ap,)']| =0 ..
Criteria for the optimal choice of input signals of the system are related to the form of the
information matrix F, and are aimed at minimizing any of its characteristics, for example, the value of

the determinant [6].

The foregoing experimental planning assumes that the faulty subscheme is known and it is
only necessary to determine its parameters. If the faulty subscheme is unknown, then when evaluating
the parameters of the scanned subscheme, it is necessary to ensure that the parameters of the
subschema are discernible with the subscheme parameters, which can in fact be faulty.

2. Planning a diagnostic experiment for parametric faults. Consider the planning of an
experiment aimed at ensuring the distinguish ability of the parameters of subsystems S,, S, when

estimating the parameters of the subsystem S, .
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We divide the diagnostic equation (6) into two parts:
AN, =Q,, Ap;, (8)
AA, =Q,, Ap,. ©)
The compatibility of equation (6) can be checked by checking the unbiasedness of the
estimates Ap;, A,bib, the parameters Ap, obtained from equations (8) and (9), respectively.
Analogously to (7) from (8) we obtain an estimate of the parameters
AP =(QLQ..) QL AA, =F, Q[ AA,.
From (9) we obtain AP, =F,, Q}, AA,.
If the subscheme S, is faulty, the matrices AA,, AA, are determined by expressions
AN, =Q  Ap;, AN, =Q ;, Ap;.
Because of measurement errors Ap;, A[)l.b , estimates are random quantities with some areas
of distribution of their values.
Depending on which of the subscheme (S, or §,) is faulty, the mathematical expectation
E[Ap!] and the covariance matrix cov[Ap”] of the estimate Ap" obtained under the hypothesis

H . areas follows:
E, Q;,a Apj at j #1,
Api at .] = ia

cov[Ap! = GzFi,a] =c’ F,, — if any of the subschemes is faulty. Similar expressions are also

E[AS!]= {

obtained for E[A,bl.b] ) cov[A;S}’] , by substituting in the expressions for E[Abf] , cov[Aﬁf] )
the index «a» by «by.
The bias in the estimate Ap, is determined by the magnitude

D, =AM —AR. (10)
The mathematical expectation and the covariance matrix of the vector p, are as follows:

m,=\F. Q. .Q -F.Q .Q, )JAp, at j#i
E[pi]: i ( ia Qz,a Q‘/,a i,b Ql,b Q_/,b) pj .] (11)
m, =0 at i = j,
C =covp]= O-Z(Fi,a +F,). (12)

As follows from (12), the covariance matrix of the vector p, does not depend on which of the
subschemes is faulty.

Let the system change only one parameter, i.e. Ap, — is a scalar. If the system of diagnostic
equations (8), (9) consists of two scalar equations

AAi,a =q;a Ap;,
AAi,b =dqip Ap;,
then
m; :(qji—qj’b)Apj at j #1,
Elp]= 9o 4in
m;; =0 atj =i,

B =Dlp]=6(— 11

ia  Yip
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For this distinction of subschemes §,, S i it is necessary that the distribution areas of the
quantities p,, (p, witha faulty subscheme §;) and p,; (p, with a faulty subscheme ) do not

overlap.
As an example, Fig. 1 shows the distribution of two-dimensional quantities p,;, p,; . The

situation shown in Fig. 1, a, is characterized with respect to the situation shown in Fig. 1, b, higher
accuracy of parameter estimates A, , but lower distinguish ability of subschemes §,, S Iz

A A

Pi Pi P
N _ y”)?/? _
C/ L/ N
a b

Fig.1. — Areas of distribution of two-dimensional quantities p,;, p,; -

In the present paper, the problem of determining the optimal input signals of a system
in the planning of a diagnostic experiment that ensure the distinguish ability of subschemes
S, S, is considered as the problem of obtaining the maximum distance between the regions

of distribution of the values of p,, and p,; .

In the theory of pattern recognition, the distance of the Mahalanobis is widely used as
a measure of the distance between sets [7]. Assume that the distribution of values p,;, p,; ,

obey the normal laws N(m,,C;), N(m,,C), where m,, m, — are the vectors of

n/
mathematical expectation, C, — is the covariance matrix of dimension. In this case, the

i’

generalized Mahalanobis distance between the regions of distribution p,; and p, is
determined by the expression
_ T -1
L, =M, C 'M,, (13)

then M, =m,, —m,,.

If the covariance matrix C, — is a single matrix, then I it characterizes the
quadratic distance between the mathematical expectations p,, and p,; .

For one-dimensional normally distributed sets of values p,, and p,; , expression (13)

takes the form
2
_ (mi,i - mz;/' )

I, (14)
W/ ,Bl-
Since according to (11) m,, = 0, then (13), (14) can be written accordingly:
I, =m,; C/ m;;, (15)
m;,
1, =" (16)

For calculations using formulas (15), (16), it is necessary to know the value m,,,
which, according to (12), depends on the unknown value Ap,.

If Ap; — is a scalar, i.e. only one parameter in the system is allowed to change, the
maximum value [, obtained for an arbitrary value Ap; #0 of for u=u" is the maximum

(but different in magnitude) for any value Ap;. It follows from this that the optimal input
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signals u°, at which the best distinguish ability of the subschemes S,, S ; 1s achieved, can be
determined before the diagnostic experiment at an arbitrary value Ap; by maximizing the
value 7.

If Ap, — is a vector, then it is impossible to obtain optimal values u" beforehand
before the diagnostic experiment, delivering a maximum I, for any values Ap,. This is due
to the fact that the value m;; depends on the combination of the values of the components of
the vector Ap;. In this case, the choice of input signals aimed at ensuring the distinguish

ability of subschemes §;, S; can be carried out during the diagnostic experiment. Consider

one of the variants of the experiment, consisting of two stages.
At the first stage, the estimates of the parameters of all subsystems are determined
successively Ap,,...,Ap, . The input signals of the system at this stage are selected from the

conditions of optimal experiment planning for identifying the parameters of the corresponding
subsystem. Among the estimates obtained Ap,,...,Ap,, only one corresponds to the true

values of the parameters of the faulty subsystem.
At the second stage, the optimal input signals of the system are determined, allowing
selection of the obtained estimates Ap,,...,Ap, under the appropriate hypothesis. In this

case, the criterion of optimality under the hypothesis A, is the maximum of the quantity

calculated by formula (13). In calculations according to formula (11), an estimate from
Ap,,...,Ap, the set corresponding to the subsystem is used, with respect to which the

distinguishable subscheme S, is distinguishable.

Use to test the hypothesis A, of the magnitude of the bias of the estimate Ap;,
determined by the expression (10), is possible only if for matrices Q,,, Q,,, there are minors
of rank ;. If for one of the matrices, for example Q,,, the matrix does not have a minor of
rank r,, then the reliability of the estimate Ap" can be checked by the criterion of the forecast
of the output signal of the system.

In this case, an estimate Ap, =F, Q; AA, is determined from (7), and then,
according to (10), the quantity AAb =Q,, Ap;.

Error forecast

no=AA, —AA, (17)
is an indicator of the correctness of the hypothesis H, . If p, <g, that hypothesis H, is
accepted, otherwise - it is rejected (€; — an acceptable value p,).

The value p, depends on which subsystem is actually faulty. If we consider

subschemes S, §;, then the mathematical expectation and variance of the quantities p, are

determined by the expressions

- =Q. F T Ap. t j#i,
E[l‘li]: {"’Lj Qz,b ia Qz,a pj a ] ¢'l (18)
p, =0 at j =i,
COV[ui]: o (1 +Q;, F,Q,, ), (19)

where 1 — is the unit diagonal matrix.
The criterion of optimality of input signals for a hypothesis H, oriented to the

determination of a defective subschemes S,, S, in a pair can be the maximum of (15), where
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m,; it should be put equal p;, and C, =covp,]. Otherwise, for the criterion based on the

expression (18), the reasoning given for the criterion based on the expression (10) can be
repeated.
3.  Planning a diagnostic experiment for structural faults. Let us consider

subsystems with independent observation. When testing the hypothesis H, : Ay =L, (u)AZl ,
i= I,_N (where L, — 1is the class of operators that specifies a class of faults in the subscheme
S. [1]), the compatibility of equations of the form is verified:
AY, +&, =L, AZ,, (20)
AY, +&, =L, AZ,. (21)

In this case AY,, AY,,as well §,, &, , are vectors whose dimensions are equal to or
greater than the dimension of the vector AZ, .

Let the decision on the reliability of the hypothesis H, be made by the criterion of
unbiasedness of the estimate AZ ;- Offsetting of the estimate AZ ; 1s similar to (10) determined
by the quantity

T, =AZ" —AZ" . (22)

If the matrix L, is rectangular and the method of least squares is used to obtain the

estimate AZ? of the vector AZ, from equation (20), then

. 0 L' L. AZ,. at j#i,
E[AZ?]: 7,a I,a J-a J -]
. at j =1,
then 0,, = (LTI.,a L,, )71.

The estimate AZ" of the vector AZ’ from equation (21) is determined in a similar
way.

The value t, determined by the hypothesis H, depends on which subscheme is
actually faulty. Consider the case where only one of the subschemes §,, S, . can be faulty.

Analogously to (11), (12) we obtain

preg o [T = OULLLL =0, L L )AZ, at) 2, o)
l T, =0 at j =1,
covit]=0(0,, +0,,). (24)

For the case when AZ,, AZ , — are scalar quantities, that is, subschemes §;, § s have

one output, we get

T —(Lj’a —ﬂ)AZ at j#i
VT j J#h
Elz,]1= L, Li,b

7..=0 at j =1,

Ll
1 1
Dz, ]= O'{—+—j.
Lia Lib
The principal difference between experiment planning and structural faults from
planning for parametric faults Ap, is that for parametric faults the value does not depend on

the input signals of the system, while for structural faults the value Ap, depends on the input
signals of the system, in an unknown way.
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Let the observability matrices L Li’6 , L L

scalar quantity. In this case, when organizing a diagnostic experiment, two stages can be
distinguished.

The first stage of the connection with the formation of observability matrices before
the diagnostic experiment by means of an appropriate selection of control points. The choice

of control points is carried out from the condition of maximum value (21), where m,; it is

o jar o Ls — be constants and AZj —bea

replaced by 7, and C, by cov[‘rl.]. Since the maximum value I, obtained for the
corresponding set of control points for arbitrary values AZ, #0 remains the maximum (but
different in magnitude) for any values AZ,, the choice of control points can be carried out at
arbitrary values AZ; #0.

The second stage is realized during the diagnostic experiment. Since the observability
matrices are constant in this case, no increase in noise occurs when the input signals of the
system change, which follows from (24). With a faulty subscheme §;, we have

Ay, =L, AZ,, Ay, =L, AZ,. In this case, the quantity T, in expression (23) corresponds
to the quantity
T:j =0, LTz‘,a Ay, -6, L:,b Ay,.
The input signals of the system that ensure the best distinguish ability of the
subschemes §;, S, under the hypothesis H, are chosen in the second stage from the

condition of the maximum of the quantity (21), where m,; it is replaced by 1, ,and C, — by

cov(t,].

When choosing control points, a table of coverings is usually constructed, the columns
of which correspond to pairs of subsystems whose distinguishability is estimated, and the
rows to checkpoints. At the intersection of a row and a column, there is one if some pair of
subsystems are distinguishable by the introduction of the corresponding control point. The
minimum set of control points corresponds to the minimum coverage of the table. There can
be several minimal coverages, the choice of which is not formalized.

In some cases, for example, as described in this section, instead of one in the table of
coverings, one can record the corresponding value of the Mahalanobis distance and from the
minimal coverages choose a cover that provides a maximum, in some sense, distinguish
ability of the subsystems. The criterion for choosing such a minimum coverage can be, in
particular, the maximum value of the sum of all elements of the minimal coverage table.

If there is a limit on the number of channels of signal transmission from control points

to the diagnostic system, the diagnostic system can be equipped with a diagnostic surveillance
system. The diagnostic monitoring system is an adder whose inputs are connected to control
points, and the output is to a communication channel. The weighting factors of the adder are
chosen from the conditions for maximum discrimination of the subsystems on the basis of the
Mahalanobis distance analysis for given ones.
Conclusions. For cases of parametric and structural faults obtained evaluation to test
hypotheses about the distinctiveness of faulty subschemes in freewheeling systems. These
estimates allow to identify faulty subscheme and plan their computational experiments based
on the analysis of localization parameters subschemes diagnosable system to the test
exposure. In this case, hypotheses are formulated from the assumption that the parameters of
the diagnosed subscheme have changed. The localization of faulty system subschemes during
the diagnostic experiment is carried out from the assumption of the distinguish ability of the
subschemes, i.e. the partitioning of the system into subschemes must be carried out in such a
way that the regions of distribution of the parameters of the subschemes do not intersect.

ij 2
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IJIAHYBAHHS JJIATHOCTUYHOT'O EKCIEPUMEHTY ITPU JOKAJII3 AL
HECIIPABHOCTEM NIJICXEM BE3IHEPHIHHUX CUCTEM
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Otpumano QopmarnizoBaHi YMOBH MPOBEICHHS MialrHOCTUYHOTO EKCIEPUMEHTY. TIOB’S3aHOTO 3 BHSBICHHIM
HECTIpaBHHUX (parMeHTiB (migcxeMm) Oe3iHepmiHHnX cucTeM. J{iarTHOCTHYHUHN eKCIIEPHMEHT 3BEICHO TPH IIbOMY
70 OOYMCITIOBAJIBHMX MPOLEAYp JIOKami3alii HECHpaBHUX IMiJACXEM, B OCHOBY SIKHX (IIPOIEAYp) HOKJIAIECHO
TIepeBipKy TINOTE3 MPO Te, IO 3MIHMINCS XapaKTEPUCTUKM BHIUICHHMX mifcxeM. limore3n (opMymoroThes
TaKUM YHHOM, I100 3a0e3MeYnTH BHSBJIECHHS MapaMeTpHUYHHMX Ta CTPYKTYPHHX HecmpaBHocTeil. Jlo mepmux,
HalpHKIJIaA, MOXYTh BITHOCHTHCS 3MIHM OIOPY IUISHKHM JaHIOTa , a 0 APYyruX — OOpHB abo KOpOTKe
3aMuKaHHA. [Ipn po3OWTTI cHcTeMHM Ha TWiACXEMH, OCTaHHI OOWPAIOThCA 332 YMOBH MOMIIMBOCTI iX
napamerpudHoi ineHTHdikanii. ToOTo cuTyamii, KOJM MO BiJOMHMX IapaMeTpax IHIIMX ITJICXeM, a TaKOX
BXIIHUX Ta BHXIIHUX CHTHAJIAX CHCTEMH B MIJOMY, MOXXHa BH3HAYUTH TIapaMeTpH IiJACXEMH, SKa
posrisigaeTsest. [ImaHyBaHHS AiarHOCTHYHOTO €KCIEPUMEHTY IOJIsirae y HacTyrnHomy. [lepenbavaroun siHiAHY

3aJIEKHICT MiX IIapaMeTpaMH BHALIEHOI MmifcxeMd S ; Ta BUXIJHUMM CHMTHAJaMH CHMCTEMH, 3aBYacHO
CKIamaeThes IepeBipouHa Marpuusd K, ska BM3HA4Ya€ B3a€MO3B’A30K BKAa3aHUX IIapaMETPiB Ta CUTHAIIB,
BPaxOBYIOYHU CIPABHICTD MiJICXEMHU, 10 PO3IIISIA€ThCs. [Ipy BUHHUKHEHHI HECITPABHOCTEH epeBipovHa MaTPHUIIS
F 3MiHI0€TbCA, 110 03BOJIAE BU3HAYMTH MATPHMUIO HEBIINOBIIHOCTI (, Ha MiJCTaBi aHani3y AKOi MOXKHA

orpumard ouinky Ap, mapamerpis Ap, mincxemm S, sika posrisgaeThcs. B pesynbrari naHoro amanisy

pOOUTBCS BHCHOBOK IIOJO IMPANE3JaTHOCTI MiACXeMH S ;- Ilpomenypy IepeBipKH TilOTE3 IMOAO CHPABHOCTI

migcxeM Oe3 1HEpIiiiHOI CHCTeMH U1 BWIIAAKIB MapaMETPUYHHAX Ta CTPYKTYPHUX HECIPABHOCTEH MAaroTh
imeHTHIHNH Xapakrtep. [ [prHINITIOBa BIAMIHHICT IUTAHYBAaHHS €KCIIEPUMEHTIB IIPH CTPYKTYPHUX HECTIPABHOCTSIX
BiJl IUTAHYBaHHS IIPH NIAPaMETPUYHHUX HECHIPABHOCTSIX IMOJIATAE Y TOMY, LIO IIPU IapaMeTPHYHIX HECIIPABHOCTIX

BCIIMYHHA Apl HC 3aJIC)KUTH BiI[ BXiZ[HI/IX CUTHAJTIB CUCTCMHU, a IPU CTPYKTYPHUX — BCIIMYNHA Apl 3aAJIC)KUTH

BiJl BX1THUX CUTHAJIIB CUCTEMH, IPHYOMY HEBIJIOMHM YHHOM.
KarwouoBi ciaoBa: JiarHocTHKa, MIarHOCTUYHHMH €KCHEPHMEHT, JIOKali3allisi HeCcIpaBHOCTEH, Oe3iHepLiiiHi
CHCTEMHU, OLIIHIOBAHHS ITAPaMETPIB MiACXEM.
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