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APPLICABILITY ANALYSIS OF THE LAPLACE INTEGRAL
IN EVALUATING OUTPUT SIGNALS FOR AUTOMATIC SYSTEMS

Purpose. Solving a topical scientific problem of boosting the automatic system accuracy and performance by eval-
uating the Laplace integral using numerical methods to define transient characteristics in the context of alternating
disturbance.

Methodology. Simulation and mathematical modeling methods, the Fourier and Laplace transform apparatus as
well as mathematical statistics are at the core of the present research.

Findings. The influence of using the inverse Laplace integral resulted from numerical method calculations on the
building accuracy of an automatic control system’s transient characteristic was considered compared to the test depen-
dency. Introducing the Laplace integral enables to implement the transition from the time domain to the frequency
domain, and it positively affects the calculation accuracy as compared with the calculations that make use of the Fou-
rier integral. The practicability of using the Laplace integral was proved for numerical transformation of transfer func-
tions of the automatic control system components from the frequency to the time domain which could provide higher
accuracy and performance of the system compared with the numerical calculations based on the Fourier integral.

Originality. Within the scope of the research, the use of the Laplace integral in the methods for numerical solving
of differential equations of linear systems received solid scientific support, which enables to effectively evaluate the
type of the transient characteristic in the course of the technological process and ensures its stability and quality im-
provement as the process load varies.

Practical value. The decrease in the resulting error rate for solving the differential equation of the system based on
the inverse Laplace integral in relation to the test characteristic (the known table equation of the transient process
characteristic according to the given research variant) as well as the stability of the transient characteristic of the sys-
tem is shown. Therefore, as an applied aspect of using the resulting data obtained in the course of the research, we
may consider the ability to further improve the principle of retrieving the transient characteristic of a control system.
This creates a background of transferring the discovered technological solutions into the field of technical cybernetics.
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Introduction. Constant production growth of the d"y(t) d"y(t)
high-quality target product as the amounts of natural a, e +a, e +...ta,y(t)=
and energy resources keep decreasing is a special feature " 4 - ! )
of the modern information society. This defines the ev- b d"u(r) b d" u(t) b
. . . 1. . 0 + 1 1 +.o.t mu(t)+c0f(t)s
er-growing requirements to the reliability and efficiency ar” darm

of the automatic control systems, both existing ones and
those being designed [1].

The wealth of theoretical knowledge in the field of
chemical technological process organization as well as
constant improvement and development of the object-
oriented computer programming allows using mathe-
matical modeling to solve problems in the field of the
system analysis and synthesis. With that said, not only
must the developer pay attention to the technical and
mechanical aspects of the equipment, but also to the
functional characteristics of distinct dynamic channels
which ensure functioning of the whole system to a satis- V(1) = Y,e() + Ype( D), 2)
factory degree (Fig. 1).

All possible states of the displayed system that auto-
matically controls the process can be described by the
following system of differential equations [2]

where a;, b;, ¢, are equation coefficients defined by the
object’s nature.

To evaluate the control process, it is required to solve
the differential equation as in (1). The initial limitations
defined by the combination of the output variable and
its derivatives should be taken into account. Moreover,
the transient process in the system can occur during a
scheduled action or disturbance. The resulting transient
process defined by solving the initial differential equa-
tion contains the sum of two components

where y,.(7) is a required component which represents a
particular solution of a non-homogenous differential equa-
tion (1) that has the right-hand side; yy,(?) is a free compo-
nent which represents the general solution of a homoge-
© Shvachka A. 1., Taranenko Yu. K., Oliynik O. Yu., Chernetskyi Ye. V., 2019 nous initial differential equation with no right-hand side.
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Fig. 1. The structure of the system:

Y

C — controller; O — object; U — control; F — disturbance;
Y — process indicator; E — control errors; V — task

The free component is defined by the internal char-
acteristics of the system whereas the required compo-
nent characterizes the system state after the external ac-
tion was applied.

To ensure the efficiency of the control system, it is
required to test its stability against the declared quality
values in accordance with the process adjustment curve.
Modern systems must include both elements and orga-
nized links between them that are immune to distur-
bance. This is the robustness of the system. The invari-
ance requirement, i. e. the invulnerability of the process
output values to external factors, should also be taken
into account.

There are a number of methods to solve differential
equations. The most commonly used one includes the
following steps:

1) finding the general solution of the homogenous
equation;

2) finding the particular solution of the non-homog-
enous equation;

3) finding the general solution of the non-homoge-
nous differential equation.

The form of the differential equation does not grant
a clear vision of the dynamic characteristics of the sys-
tem; however, the transient process of the system from
one stable state to another defined by solving the differ-
ential equation could reveal the opportunity for such a
vision.

In order to evaluate the dynamics of different sys-
tems, they have to be adjusted to the same initial condi-
tions; input actions of the same type should also be ap-
plied to each one of them. Otherwise, the very same
differential equation can have a multitude of solutions
that define the transient process, each of which is deter-
mined by its own initial conditions as well as the input
action type. The solution for such a situation was to zero
out the initial conditions of the considered systems when
performing typical actions such as steps, impulses, har-
monics. The reaction to the first action of the list is a
transient process 4(f) [3] which defines the dynamic
characteristics of the system.

As a rule, in theoretical research analytical methods
for the output signal of the control system are used.
They are based upon classical methods for solving dif-
ferential equations, and they have a limited use in prac-
tice.

In practical calculations of system signals, models
that are based on the operational form of the initial dif-
ferential equation have proved themselves to be quite ef-
ficient. Operation calculations based on the Laplace in-
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tegral define the justness of algebraic actions upon the
operator expressions of the differential equations. They
also establish conditions under which they become fea-
sible. Using the Laplace integral enables to carry out the
operation analysis of the system which was reset to its
initial values, with typical input actions applied. Be-
sides, this allows establishing an arbitrary set of initial
actions and limitations.

The expanding use of the Laplace integral for an op-
erator entry form of a differential equation system is
connected with its ability to simplify computational op-
erations as well as the ability to choose the frequency
over the time domain. This factor is quite significant due
to the fact that today frequency-based methods are a
solid foundation for engineering analysis of automatic
control systems. Using object-oriented programming
provides the opportunity to intensify operation calcula-
tions to evaluate optimal parameters of an automatic
control system for control analysis as well as key chan-
nels of performing disturbance actions in the course of
the technological process.

Analysis of the recent research and publications. An
automatic control system shall be considered as a dy-
namic self-contained system that has multiple degrees
of freedom. Disturbance of both internal and external
types is constantly affecting the system, and the result of
it is the fact that the system operates in dynamic modes
that lack stability. Today, most commonly used ap-
proaches to solve the equation of an automatic control
system to evaluate its adjustment characteristic are [2]:

- classical approaches;

- graph-analytic or frequency methods;

- operation methods;

- numerical methods.

The classical approach to solving the system’s differ-
ential equation takes into consideration the physical na-
ture of the processes. This is a well-studied and widely
used approach; however, in practice it is characterized
by a number of flaws, some of those are:

- the need to carry out complex operations of differ-
entiation and integration that in their turn require spe-
cial knowledge, as well as the need to solve particular
differential equations;

- the difficulty of defining proper integration coeffi-
cients for the provided initial data in actual operating
conditions.

The operation methods are implemented by the use
of the Fourier, Heaviside, and Laplace integrals [3].
Such an approach greatly simplifies mathematical cal-
culations due to the fact that in the process of finding the
integration coefficients algebraic equations are used.
With that said, there is no need to implement the com-
plex procedure of defining the integration coefficients,
and that poses a distinct advantage of the method. The
key difficulty of the operation method in practice is per-
forming sophisticated transformations of the functions
back to their originals and forth.

The graph-analytical approach is based on the links
between transient and frequency characteristics of the
automatic control system. Taking into account the rela-
tions between the Laplace and Fourier integrals, the fre-
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quency method can be considered as a frequency ana-
logue of the above reviewed operation method. A special
feature of the graph-analytical method is its descriptive-
ness, the ability to interpret the characteristics of the au-
tomatic control system that were obtained experimen-
tally.

The wide use of numerical methods is connected
with the appearance of problem-oriented programming
tools and instrumental systems [4]. In such systems, the
entire process of the mathematical model machine im-
plementation is embodied in its initial state at the struc-
tural level without the loss of the object’s physical na-
ture. The increase in the personal computer perfor-
mance as well as the introduction of the interactive
graphical user interface has significantly improved the
development of numerical methods.

The analysis of text sources has revealed that in nu-
merical methods the Laplace integral is widely used.

The modified Laplace homotopic perturbation meth-
od (MLT-HPM) [5] ensures the accuracy increase for
approximate solutions resulted from using the Laplace
transform homotopic perturbation (LT-HPM) and other
methods. However, in the described method it is neces-
sary to include first-order approximations (MLT-HPM),
as opposed to LT-HPM, which requires performing a
greater number of iterations for the same research. In the
research [6] it is shown that both forward and reverse heat
conductivity problems in real time can be solved without
addressing the inverse Laplace integral. Instead, recur-
sive ratios connected with Pade digital filters may be
used. In the scientific work [7] dedicated to the electro-
magnetic research of transient processes the authors
prove the viability of using the Laplace integral in the nu-
merical form. To check the resulting data, it is recom-
mended to carry out a prototype experiment. The authors
of the article [8] searched for a suitable algorithm that
could be used to solve elastodynamic problems efficiently
and accurately. In particular, the following algorithms
were tested: Gaver-Stehfest, Rho Gaver-Wynn, Fixed-
Talbot, FFT, as well as the declared instrumental envi-
ronment, Maple 16, to conduct the research.

Summing up the reviews of the literature sources, we
can note that currently in the scientific society there is
no distinct unity on styles and ways of implementing the
numerical form of the Laplace integral as applied to ob-
jects of various physical nature. In connection with that
it can be concluded that solving the Laplace integral in
the numerical form as well as its implementation with
the help of widely accessible tools for the purpose of ac-
tively using it in automatic control theory poses an ac-
tual scientific problem.

Objectives of the article. A solution of an actual sci-
entific problem of increasing the accuracy and perfor-
mance of an automatic control system by means of nu-
merical evaluation of the Laplace integral to define
transient characteristics in conditions of alternating per-
turbance.

To fulfill the designated goal, it is required to solve
the following problems:

- to choose an instrumental research environment
for the inverse Laplace integral in order to solve prob-
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lems of analysis and synthesis in the theory of automatic
control systems, give reasons in support of the choice;

- to evaluate the numerical method accuracy of the
inverse Laplace integral in relation to typical objects of
an automatic control system as well as to form recom-
mendations on the machine implementation;

- to develop and research the simulation model that
connects the original function and its image in order to
compare the Laplacian and Fourier methods and proves
the stability of the Laplace integral characteristics.

Choosing the right tools. The rapid advancement of
personal computers defines a constant change in re-
quirements to programming languages. Higher CPU
frequencies allow providing required computation per-
formance which favors the use of interpreted program-
ming languages. The priority of compiled programming
languages as related to interpreted languages is in out-
putting a high-performance code. Taking into account
the computation power of today’s computers, the code
performance is no longer a limiting factor, thus it makes
sense to use simpler and more flexible tools such as in-
terpreted programming languages in the development
process. Taking into account the above said, for the de-
velopment environment the high-level Python pro-
gramming language was chosen [9].

Up till recently, the Python library had been lacking
components that could implement numerical opera-
tions to transform elements of control systems from the
time domain into the frequency one. That was the rea-
son for using the inverse Fourier integral in building
technical systems. Implementing the (invertlaplace) al-
gorithm that can be found in the (mpmath) module of
the Python language solves this problem by providing
accurate solutions for real and complex variables.

Simulation modeling of a transient characteristic of
an object and regulator with the use of numerical methods
of the Python environment. A shell tube heat exchanger
was chosen as a typical technological controlled object.
The transfer function of the object, changing over to the
Laplace integral, is defined at the level of the “heated
object temperature — heat transfer agent” channel by a
consequential connection of three first-order aperiodic
links and a delay link as in the following

kO —TGS
W"(S):(T1s+1).(T2s+1).(T3s+l)'e ’ (3

where k, is the object amplification coefficient; 7;is time
constant of the i" link, s; 1, is object delay time, s; s is
the complex variable that matches the expression

§=00 +jo, 4)
where o is x-coordinate of the absolute convergence; j

is the imaginary unit, j= \/—_1 ; o is frequency, rad/s.
In accordance with the transfer (W(s)) and transient

(h(?)) function link equation, performing the inverse

Laplace integration (L"), the result will equal [2]

hi)=L" {W(s) %} ()
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Based on the dependency (5), a Python-based algo-
rithm was developed, a snippet of which is displayed be-
low:

def'run_invertlaplace(t,fp,tau):
y=I1l
foriin np.arange(0,len(t)):
iftfi] <=tau:
y.append(0)
else: y.append(invertlaplace(fp,t[i],method =talbot’))
return y
t = np.arange(0,100,0.05)
TI=5T2=4T3=4K=15
tau = 14
fp =lambda p: K*exp(-tau *p)/((T1*p + 1) * (T2 *p +
TD*(T3*p+1)*p)
y = np.array(run_invertlaplace(t, fp, tau))
ymax = max(y)
taul =7
Sl =lambda p: K * exp(-taul *p)/((T1 *p + 1) * (T2 *
*p+rD*(T3*p+1)*p)
v1 =np.array(run_invertlaplace(t, fp1, taul))
ymax1 =max(y1l)
plt.title(, The mentioned transient characteristics\n result-
ing from invertlaplace execution‘)
plt.plot(t, y/ymax, linewidth = 1, label =*tau = 14°).

A variant of calculation for the given transient char-
acteristic of a technological controlled object with dif-
ferent values of the adjustment parameter (fau) values is
shown in Fig. 2

The resulting characteristic displays the presence of
a delay, defined among other reasons by the containers,
as well as the presence of self-improvement when the
external action is absent.

The transfer function of the proportional — inte-
gral — differential regulator (PID) used in the system has
a parallel structure

k, T, s 1
W.(is)=|1+—4—<L"|.k | 1+—|,
() ( Jr1+Td-sj ’ ( +TSJ ©)

12

h(t)

1.0 1

0.8

0.6

0.4 4

0.2 1

0.0 4

:
0 20 40 60 80 100 t,s

Fig. 2. Transient characteristic of a triple-container con-
trolled object in varying the (tau) delay value (numer-
ical method of the Python programming environment)
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where T7; is the integration time constant value, s; 7 is
the differentiation time constant value, s; &, is the P-link
amplification coefficient value; k, is the D-link amplifi-
cation coefficient value.

Therefore, the transfer function in the presented form
contains a filter (f) that reduces the influence of the high-
frequency component of the signal which can be ampli-
fied as a result of introducing the differential component

kd
T,-s+1

W,(s)= (7)

A snippet of the subroutine code for the transient
characteristic of the regulator is displayed below:

Kp=2;Ti=2; Kd=4;1d = 0.5

fp =lambda p:

(1+(Kd*Td*p)/(1+Td*p)) *Kp*(1+1/(Ti*p))*
*(1/p)

y = [invertlaplace(fp, tt[i], method =’ talbot’) for i in np.
arange(0,len(1t))]

Kd=20

fp =lambda p:

(1+(Kd*Td*p)/(1+Td*p)) *Kp*(1+1/(Ti*p)*
*(1/p)

vl = [invertlaplace(fp, tt[i], method = ‘talbot‘) for i in
np.arange(0, len(1t))]

Td =100; Kp = 1

fp =lambda p: (Kd * (1 + Td *p))

y2 = [invertlaplace(fp, tt[i], method = ‘talbot‘) for i in
np.arange(0, len(1t))]

plt.title(, Transient characteristics of the regulators\n re-

sulting from invertlaplace execution ,).

The graphic form of the result in the shape of tran-
sient characteristics (PI PD, PID) meets the fundamen-
tals of the classical control theory, namely consequential
triggering of the proportional (system performance),
differential (anticipation signal), and integral compo-
nents (static accuracy).

To perform transition to the PI regulator, the differ-
ential component was disabled (the amplification coef-

h(t)
25 A

1—— PID-controller

Zmm P-controller

3w PD-controller
204

15 A

10 A

A ae < .
Fig. 3. Transient characteristic of PI, PD, PID regula-

tors (numerical method of the Python programming
environment)
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ficient of the differentiator was set to the zero value).
The absence of an efficient anticipation action has led to
a delay in the control channel.

The collected statistical data at the research stage
claims that in the numerical method of the inverse La-
place integral the approximation of the x-coordinate of
absolute divergence to the origin must be performed to
ensure a larger period of time. With that in mind, the
calculation result can be considered unsatisfactory if the
x-coordinate moves to the left of the right boundary in
the Laplace integral range.

Research on accuracy rate for the inverse Laplace in-
tegral in control theory problems. Let us prove the viabil-
ity of using the numerical method of the inverse integral
as applied to objects with inertia and time lag alongside
the regulator with the PID control law, which are cho-
sen as typical elements of production process objects. It
is necessary to evaluate the accuracy of the given nu-
merical method in solving problems of this class.

In this case the transfer function of the regulator as
displayed in (6) has an accurate table transformation
value [10] which corresponds to the dependency.

In this case the transfer function of the regulator as
displayed in (6) has an accurate table transformation
value [10] which corresponds to the dependency
h(t)— (T, +k,-T, )+ k, t+k, (T, -T,)- exp( ] (8)

d

ll

With the use of the Python programming language it
became possible to evaluate the truthfulness of an in-
strumental calculation of the inverse Laplace integral in
comparison with the test function according to the equa-
tion (8). The quantitative evaluation of accuracy is the
absolute error of the evaluation results (Fig. 4). The
graphical data support the evidence that the error of the
developed evaluation model does not exceed (2.0 - 107'4).
It was experimentally proved that the error value of this
method may vary in both directions. By changing the
(mp.pdps) values and the tt[i+ 1] — tt[i] step, the variable
values were defined.

The evaluated accuracy data of the inverse Laplace
integral in the Python environment clearly display great

Ah

20

) | |’ “‘
i

05+

——  Reduced error of numerical solution

i

00 l

00 25 50 75 100 125 15.0 175 200

Fig. 4. The error value of the numerical solution by using
the Laplacian method (- 107'%)
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viability for using the integral in solving problems of
analysis and synthesis of control systems. The validity of
this conclusion has yet to be supported by comparing
the modeling results of the Fourier integral-based nu-
meric method for the same class of problems.

According to the known theoretical data of the clas-
sical automatic control theory [2], there is a connection
between the original function and its image in the in-
verse Fourier integral as follows

x(t)zzl_ﬂ.z)((jw)ff"’"dm. )

Taking into account the dependency, the transient
characteristic (A(7)) of a self-contained system is con-
nected with its real frequency response (Re(W(jw))) via
the following expression

sm(wt) sin(et) ,

h(t) = y=— j Re(W (jo))- (10)

Along with that, for the equation (10) it is necessary
to evaluate the slice frequency, which allows the real fre-
quency response module of the self-contained system to
drop down to a negligibly small value, and never exceed
the desired range values even if the frequency increases
in the future. Based on these values, we specify the inte-
gration limit in the Fourier integral. For that we will use
the numerical method of searching the inverse Fourier
integral for the transfer function of an object as shown
in (3):

def invertfure(w,tau):

j=(1)**05

return((K*np.exp(-tau *j *w)/((T1 *j *w + 1) * (T2 *
*j*w+ D) *(T3*j*w+ 1))).real)

tau = 14
= [invertfure(w, tau) for w in ww]
tau =7

z1 = [invertfure(w, tau) for w in ww]

plt.title(‘Dependency of the real part of the transfer
Sfunction\n of the controlled object Re(W(j * w)) on the
frequency °).

Plotting a real frequency response based on the eval-
uation results allows stepping into the frequency do-
main. Let us define the integration limit by the attenua-
tion intensity (Fig. 5).

The real frequency response analysis of a controlled
object (Fig. 5) allows drawing conclusions on defining
the Fourier function integration range. The lower limit
is set at zero. The pointer at 0.6 sets the upper limit due
to the fact that as the frequency grows further, the over-
regulation is equal to zero, and the value of real part of
the frequency response is constant and equal to zero.
Taking into account the resulting values and switching
to the operation of numerical integration in (9), we get
the target transient characteristic with the use of the in-
verse Fourier integral method (Fig. 6).

Therefore, transient characteristics are evaluated on
the basis of the Laplace and Fourier integrals. For the
efficacy of the representability criteria, an exact table ex-
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h(o)

I— tau=14
2— tau=7
0.3 4

0.2

0.1+
0.0 4
2
1
2.1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 t,s

Fig. 5. Real frequency response when switching to the
Fourier with the varying delay value of (tau) (numer-
ical method of the Python programming environment)

h(t)

0.35 4
0.30 4
0.25 4
0.20
0.15 +
0.10 4

0.05 +

0.00 1

6 2'5 5‘0 7‘5 1(‘)0 léS 15;0 17‘5 Z(I)O t,S

Fig. 6. Transient response of the controlled object with the
use of the inverse Fourier integral with the varying de-
lay value of (tau) (numerical method of the Python
programming environment)

pression value was taken [2] as the test function at the
research stage

h(t):k_—lle ~exp(ﬂJ+
(I, -T))(T,-T,) T,

+ k;]ﬂ; .exp(T_
(I -T)(T,-T3) T

+ k_—lT32 ~exp[r—_t] +k.
(1 -T)(T,-Ty) T

Let us perform alternating subtraction of the instru-
mental method value and the test function. We will ob-
serve a characteristic as shown in (Fig. 7).

The results of the comparative analysis (Fig. 7) re-
veal that the deviation of the evaluation results for the
Fourier integral data in relation to the table test function
values alter in the increasing and then descending oscil-
lating forms.

In this regard, the results of plotting the transient
characteristic based on the Laplace integral are quite re-
markable as they are identical to the test function.

Thus, it should be firmly asserted that the stability
and accuracy increase in the transient characteristic
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Ah T

0.000025 == Absolute error of the inverse Laplace transform _|

2= Absolute error of the inverse Fourier transform

0.000020 -

0.000015

0.000010 +

0.000005 -

0.000000 -

0 2‘0 40 6‘0 8‘0 160
Fig. 7. Comparative accuracy characteristics of the eval-

uation results for the inverse Laplace and Fourier in-
tegrals

based on the inverse Laplace integral was fully proved.
The shown characteristics are crucial for modern pro-
duction process objects in increasing the single capacity
and reactivity of an equipment.

Conclusion. The research solves the topical techni-
cal-scientific problem of increasing the accuracy and
performance of an automatic system which meets the
requirements of functioning in conditions of altering
disturbance, based on the synthesis of computer mod-
eled results of the numerical methods for the inverse La-
place integral and the methodology of the computation-
al experiment. The research and methodological base of
operational analysis was further developed in the field of
switching from the frequency to the time domains.

1. For the first time, a method of the inverse Laplace
integral for the numerical method analysis of dynamics
for automatic systems in the Python programming envi-
ronment was developed, which allowed increasing the
efficacy of decision making in altering disturbance con-
ditions. Also, the need to shift the x-coordinate towards
the coordinate origin in the numerical method for larger
time amounts and getting correct results was ascer-
tained.

2. Key trends as well as a quantitative evaluation of
the numerical method error in regard to typical objects
with delay, inertia, and PID law implementation that
does not exceed 3.0 - 107 were established. By lowering
the search step, it is possible to increase the quality
which in its turn determines the increase in computation
efficacy.

3. The stability of the characteristics as well as the
increase in the accuracy values while building Laplace
integral based transient processes for control systems
was proved. The comparative experiment carried out as
a result of numerical modeling based on the Fourier in-
tegral showed unsatisfactory divergence of the latter in
regard to the test function.
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Merta. PilreHHs akTyajabHOI HAyKOBOI 3amayi Imim-

BUIIIEHHS TOYHOCTI Ta IIBUAKOMAII aBTOMAaTUYHOI CUC-
TeMU ILISIXOM OLIHKMU iHTerpana Jlammaca ynceabHU-
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MM METONaMU JUISI BUSHAUCHHS IEPEXiTHUX XapaKTe-
PUCTUK B YMOBaX 3MiHHUX 30ypeHb.

Metomuka. B oCHOBI TpoBeneHOro AOCHiIKEeHHS
JIeXKaTb METOMIM iMITALIIAHOTO i MATEMAaTUYHOTO MOJIE-
JIIOBaHHS, anapar iHTerpajibHuX MepeTBopeHb Jlamiaca
Tta Dyp’e, a TAKOK MaTEMATUYHOI CTATUCTHUKH.

Pe3ynbTaTu. PO3risiHyTO BIJIMB BUKOPUCTAHHS iH-
Bepcii iHTerpaia Jlamiaca, oTpuMaHOro B po3paxyHKax
3a YMCeJIbHUM METOJIOM, Y MOPiBHSIHHI 3 TECTOBOIO 3a-
JIEXHICTIO Ha TOYHICTb MOOYI0BU TepeXilHOiI XapaKTe-
puctuku ACY. VYBeneHHs iHTerpaia Jlamnaca no3Bo-
JIsSIE BUKOHATU Mepexif i3 TMMYacoBOi 00J1acTi 10 Yyac-
TOTHOI Ta CYTTEBO BIUIMBAE HAa TOYHICTb MOOYAOBU Ha
BiIMiHY BiJl po3paxyHKiB MpU BUKOPUCTAHHI iHTerpaia
Dyp’e. loBeneHa JOLIIBbHICTh BUKOPHMCTAHHS iHTErpa-
na Jlamnaca 1711 YMCeIbHOTO MEePEeTBOPEHHS mepena-
BalbHUX (PYHKII KoMIToHeHTiB ACY 3 00J1acTi 4acToT
y TUMYacoOBY 00J1acTh, 1110 3abe3reuyBajio OM MinBu-
LLIEHHST TOYHOCTI, IIBUAKO/Iil CUCTEMU B MOPiBHSIHHI 3
YUCeTbHUM pO3paxyHKoM iHTerpana dyp’e.

HaykoBa HoBU3HA. Y pamMKax OOCTiI>KEHHSI 00T PYyH-
TOBaHO I 1OBeIEHO BUKOPUCTAHHS iHBepcCii iHTerpaja
Jlamtaca B MeTOaX YMCEIBHOTO pillleHHS TUdepeHIli-
aJIbHUX PiBHSIHb JIIHIAHUX CUCTEM, IO JO3BOJISIE OLli-
HUTU BUJ IEepexiTHol XapaKTepUCTUKU B TEMIli XOIy
TEXHOJIOTIYHOTO Ipoliecy i 3a0e3reuye ii cTabiIbHICTh
1 MigBUILIEHHS SIKOCTi TpU 3MiHi HaBaHTaXK€HHSI Ha
Tpoliec.

IIpakTuuna 3HaunMicTh. [TokazaHoO 3HMXKEHHS I10-
XUOKU pe3yabTaTiB pillleHHsT TUdepeHLiaIbHOTO PiB-
HSTHHSI JTiHiiHOT cuCTeMU Ha ITicTaBi iHBepcii iHTerpa-
Jia Jlamaca 1o BiZHOLIEHHIO O TeCTOBOI XapaKTepuc-
TUKU (BigoMe TaOJMYHE DIBHSHHS XapaKTepUCTUKU
MepexigHoro Mpolecy 3a UM BapiaHTOM AOCHTiIKeH-
H$T), @ TAKOX CTaOUTBHICTh MEPEXiTHOI XapaKTePUCTU-
k1 cuctemMu. OTXe, TPUKIATHAM acIieKTOM BUKOPHC-
TaHHS OTPUMAHOTO Pe3yIbTaTy HAYKOBOTO TOCITIIKEH-
HS € MOXJIMBICTh YIOCKOHAJIICHHS IPWHIIUITY OTPH-
MaHHSI TIepeXigTHOI XapaKTepUCTUKU KEPYHUOol CUCTE-
mu. e cTaHOBUTDH TTepeAyMOBU TpaHC(deEPy Ha MPaKTH -
1Ii OTPMMaHUX TEXHOJIOTIUHUX pillleHb B 00JIACTi TeX-
HiYHOI KiOEpHETUKU.

KmouoBi ciioBa: cucmema ynpaeéninns, inmeepan Jla-
naaca, oughepenyianvie piGHAHHA, nepexioHa xapakme-
pucmuka
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ens. Pemienne akTyaqbHOI HaydHOI 3a1a4uul TO-

BbIINICHUA TOYHOCTHU U 6bICTp0,I[eI71CTBH5[ aBTOMaTHU4ieC-
CKOM CHUCTEMBbI IIyTéM OLCHKHN MHTCIrpaia Jlarnaca
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YHUCIICHHBIMU METONAMM IIJIST OTIPeACIICHUS TICPEeXOI-
HBIX XapaKTEePUCTHUK B YCIOBUSIX TIEPEMEHHBIX BO3MY-
LIEHUN.

Metoauka. B ocHOBe IpoBeIeHHOIO MCClea0Ba-
HUS JiexXaT METOAbl MMHUTAIIMOHHOTO M MaTeMaThye-
CKOIo MOJCJIMPOBAHMSI, allllapaT UHTErpaJbHbIX Mpe-
obpasoBanuii Jlamtaca u Dypee, a TaKKe MaTeMaTUIC-
CKOI CTaTUCTUKMU.

Pe3ynbTatbl. PaccMoTpeHO BiMSIHUME MCMOJIb30Ba-
HUe WHBepcUM MHTerpajia Jlamiaca, MojydeHHOTO B
pacuetax Mo YMCJIEHHOMY METOMIY, B CPaBHEHUU C Te-
CTOBOI 3aBHCHUMOCTBIO Ha TOYHOCTB ITOCTPOCHHUS TIe-
pexonHoit xapaktepuctuku ACY. BBenenne nHrerpa-
na Jlaruraca mo3BOJISIET BBITIOJHUTD TIEPEXOI M3 Bpe-
MEHHOI1 00JIaCTH B YaCTOTHYIO U CYIIICCTBEHHO BIIMSICT
Ha TOYHOCTh ITOCTPOCHUS B OTJIMYME OT PacUeTOB IpHU
ucnojib3oBaHuu nHrerpaia Mypne. JlokazaHa Leeco-
00pa3HOCTh MCIIOJb30BaHMST MHTerpana Jlamiaca ajs
YHCJIEHHOTo TMpeodpa3oBaHus MepenaTOYHbIX (yHK-
it KomrnoHeHToB ACY u3 00J1acTu 4acToT BO Bpe-
MEHHYI0 00J1aCTh, UTO 00eCIeurBayio Obl MOBBILLIEHUE
TOYHOCTHU, OBICTPOAEHCTBUS CUCTEMBI TTO CPABHEHUIO C
YUCJIEHHBIM pacuyeToM nHTerpaia dypobe.

Hayunas noBusna. B pamkax uccienoBaHusi 060-
CHOBAHO U TOKA3aHO MCITOJIb30BaHNE MHBEPCUN MHTE-
rpaina Jlamraca B MeTogax YMCICHHOTO pellleHuN Tud-
(pepeHIMATBHBIX YpaBHEHWI JTMHEMHBIX CUCTEM, I10-
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3BOJISIIOIEM OLIEHUTD BUJI ITEPEXOJHOM XapaKTePUCTU-
KU B TEMIIE XO/a TEXHOJOTMYECKOro mpolecca 1 ooe-
CIIEYMBAIOIIKMM €€ CTaOMIbHOCTh U IOBBILICHUE Kaye-
CTBa P U3MEHEHUHU HArpy3KH Ha IpolecC.

IIpakTHyeckas 3HauumocTb. [lokazaHO CHMXEHME
MOTPEIIHOCTU PE3YyAbTAaTOB pellieHus TuddepeHiu-
aJIbHOTO YpaBHEHUS JIMHEWHOTO CUCTEMbI Ha OCHOBa-
HUU MHBEpPCUM MHTeTpaja Jlamiaca o OTHOIIEHUIO K
TECTOBOU XapaKTepuUCTUKe (M3BECTHOE TabJUYHOE
ypaBHEHME XapaKTePUCTUKHU TIEPEXOTHOTO Ipoliecca
110 JAaHHOMY BapWaHTy MCCEHOBaHMsA), a TaKXKe CTa-
OMIbHOCTb IEPEXOMHON XapaKTePUCTUKU CHUCTEMBI.
CiieoBaTeabHO, NPUKIATHBIM ACIIEKTOM HUCIIOJIb30-
BaHUs IMOJYYEHHOIO pe3y/bTaTa Hay4YHOIO MCCIIeHo-
BaHUsl SIBJIIETCS BO3MOXHOCTb COBEPLICHCTBOBAaHUS
MPUHIMIIA TTOJIyYEeHUS] TIEPEXOAHON XapaKTepUCTUKU
YIOPABISIONIE CUCTEMBI. DTO COCTABISIET IPEAIO-
CBUIKM TpaHcdepa Ha MpaKTUKE ITOJIyYEHHBIX TeXHO-
JIOTMYECKUX PELISHMI B 00JIaCTH TEXHUYECKOI KUOep-
HETUKU.

KioueBble cioBa: cucmema ynpasienus, unmezpan
Jannaca, odugpgpepenyuanvroe ypaeuenue, nepexooHas
Xapakmepucmuka
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