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MODELING THE STABILITY OF A THROTTLE
HYDRAULIC DRIVE OF ROCKET AND SPACE SYSTEMS
UNDER RANDOM LOAD AND STOCHASTIC PARAMETERS

The use of a throttle hydraulic drive in rocket and space technology is promising due to its simplicity, reliability in operation, and low
metal consumption. It has been determined that vibrations occur in the hydraulic system of rocket and space equipment under external
influence. They cause unstable movement of working units, and, as a result, additional vibrations occur on the actuator. Determin-
ing the stability of the throttle hydraulic drive is relevant. This will ensure that the rocket and technical system maintains specified
equilibrium states or types of motion. The article solves an important scientific and technical problem of increasing the accuracy of
identifying the state of a hydraulic drive with throttle control under the action of a stochastic load in rocket and technical systems.
A mathematical model of the operation of a hydraulic drive with throttle control is developed based on its calculation scheme. A gen-
eralized method for mathematical modeling of the probability of system stability for the mathematical expectation under a random
load and in the presence of one random parameter, namely, the modulus of elasticity of the working fluid, is developed. Linearization
of viscous friction forces was performed, and the schedule of the standard deviation of the random modulus of elasticity of the working
fluid in the Taylor series was used. A solution to the mathematical model in the form of differential equations using a technique based
on statistical linearization and expansion in the Taylor series was proposed. In this case, the stability condition of the hydraulic system
is determined by the mathematical expectation in the form of the Hurwitz criterion. The stability condition of the hydraulic drive with
throttle control is determined based on the probability of system stability, where the value of the random external load is specified in
the form of mathematical expectation and variance.
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INTRODUCTION

Hydraulic automation equipment is widely applied
in the rocket and space industry [12]. In particular,
hydraulic lifting mechanisms are exclusively used in
the lifting and installation units of space launch com-
plexes to transfer a space rocket from a horizontal to a
vertical position [3]. The use of hydraulic systems for
controlling various machines and devices in space-
craft testing facilities allows for creating external
working load forces with a wide range of dynamic pa-
rameter adjustmentsat the experimental facility [18].
In modern rocket and technical systems with a high
degree of cycle automation, it is necessary to imple-
ment many different types of motion. A compact hy-
draulic cylinder is easily built into mechanisms and
connected by pipelines to a pump unit. The use of a
hydraulic drive opens up wide opportunities for cycle
automation, control, and optimization of work pro-
cesses and is also easily upgraded. Throttle control
based on the use of elements with variable flow sec-
tions in control circuits is promising for the hydrau-
lic drive of rocket and space technology [9]. These
elements regulate the flow rate of the working me-
dium and, if necessary, change the direction of flows.
In hydraulic systems with throttle control, the power
source provides control circuits for the working envi-
ronment with a small change in pressure in the pres-
sure line at virtually unlimited costs [16].

The growing requirements for automatic control
systems in rocket and space technology have led to an
in-depth study of the properties of hydraulic devices
and the development of calculation methods for sys-
tems built using these devices. It has been determined
that vibrations occur in the hydraulic system of rocket
and space equipment under external influence. This
causes unstable movement of the working units, and,
as a consequence, additional vibrations occur on the
actuator [10]. In particular, when random vibrations
occur, the change in the pressure drop in the cavities
of the hydraulic cylinder can be so large that it sig-
nificantly affects the instantaneous values of the flow
rate of the working fluid flowing through the distribu-
tor. All this leads to a general decrease in the reliabil-
ity of rocket and technical systems and, consequent-
ly, can result in emergency situations, both on the
launch pad and in outer space [10, 22]. Therefore,
when designing hydraulic systems, it is necessary to
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solve the synthesis problem. It consists of choosing
the system structure, its parameters, and the design
of the elements in such a way that both resistance to
random stochastic loads (vibrations, impacts from
space debris) and the necessary quality indicators of
the control processes are ensured [7, 18].

The aim of the work is to increase the accuracy of
identifying the state of a hydraulic drive with throt-
tle control under the action of a stochastic load in
rocket-technical systems by developing and imple-
menting new, more effective methods of mathemati-
cal modeling. This will allow for achieving a number
of high-quality practical results: increasing the reli-
ability of determining the operating characteristics
when designing a hydraulic drive; the possibility of
developing rocket-technical systems with improved
operational characteristics; and reducing the time for
testing rocket and space technologies, etc.

To achieve the set goals, it is necessary to solve the
following tasks:

e develop a mathematical model of the operation
of a hydraulic drive with throttle control under the
action of a stochastic load;

e develop a method for solving a mathematical
model of the dynamics of a hydraulic drive with throt-
tle control, which will allow determining the stability
of the system under the action of a stochastic load;

¢ using the developed method, determine the sta-
bility of a given motion mode under the action of an
external stochastic load.

LITERATURE REVIEW

The work of [22] presents a graph-analytical method
for determining the stability region of pressure pulse
generators. In this method, unlike existing ones, the
Hurwitz stability criterion is used for a linear, non-
homogeneous differential equation of the third order
to represent the mathematical model of the motion
of the shut-off element in the pulsator valve. This al-
lows us to determine the energy relationships of the
drive for the occurrence of different types of oscilla-
tory processes.

The practical implementation of such an ap-
proach is possible only for mathematical models of
mainly low dimensionality and describes the proper-
ties of objects under the action of deterministic loads.
This restricts the applicability of mathematical mod-
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eling results, which do not consider the effects of all
transient processes in the hydraulic link [26]. All this
results in the accumulation of redundant, unrealized
systems of technological movements [6].

In the works of [1, 23], a statistical linearization
method was proposed that, unlike the existing ones,
uses complex amplitudes and the probability inte-
gral. This allows for solving linear non-homogeneous
differential equations of the second order of oscilla-
tory systems in stochastic mathematical models of
hydraulic systems using the spectral form of ampli-
tude-frequency characteristics. In these models, the
functions of the force interaction of the working el-
ements of the pulse drive are a stationary, ordinary,
random process. The method used does not take into
account the stochastic change in the properties of the
working fluid as an element of the energy carrier of
the hydraulic system. The consequence of this is the
numerical instability (fluctuations) of the solution of
the mathematical model in the transient modes of
operation of the hydraulic drive.

The physical parameters of the energy carrier
(working fluid) and the design characteristics of the
hydraulic drive have a significant impact on increas-
ing the speed, energy saturation, and compactness of
the hydraulic system. This necessitates the creation
of mathematical models as systems of differential
equations based on an artificial dynamic model with
reduced coefficients [4, 27]. The reduced coefficients
reflect the elastic-viscous properties of the hydraulic
circuit with subsequent linearization of its dynamic
characteristics. This, in turn, leads to the ignoring
of wave processes [7] in the hydraulic drive. This ap-
proach to modeling does not allow for determining
the stability of specified equilibrium states or move-
ments of the hydraulic system.

The state of a hydraulic system can be stable or un-
stable depending on the characteristics and param-
eters of the elements that comprise it [21]. Since sta-
bility is the ability of a system to maintain specified
equilibrium states or ensure specified types of move-
ment, determining stability is, therefore, an urgent
task when designing hydraulic systems.

MATERIALS AND METHODS

Figure 1 shows the hydraulic diagram of the hydrau-
lic drive with throttle adjustment [5] for the move-

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2025. T. 31. No 1

a
Fy
2/
3 N Z
4] Vi
g—ﬁz N
e/ |
Il 10
Yy I 8
S, 7
7 /
PIT | 1 “Pz
I I
. 4
b \ u/ e e
\ Ce X,
o7 % gy
[ [ . [ [
| | I |
| Lt
i s
i ﬂ e, [

11 6/}

Figure 1. Hydraulic drive with throttle control: a — general
look, b — calculation scheme

ment of the executive body of hydraulic cylinder /.
The hydraulic cylinder rod [ is connected to the re-
duced mass m of the external load via a spring 3 with
a stiffness of ¢;. The reduced mass 2 contacts the
guide 9. A damping piston /0 is placed on the upper
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end of hydraulic cylinder rod /. The hydraulic cylin-
der [/ is attached to the base via springs 4 with a stiff-
ness of ¢, . In hydraulic cylinder 7, the working fluid
is pumped through hydraulic line 7 by the hydraulic
pump via pressure hydraulic line 6 and throttle dis-
tributor 5. The working fluid from hydraulic cylinder
[ is drained into the tank via hydraulic line & through
throttle distributor 5 and drain hydraulic line /1.

The mathematical model of the hydraulic drive
with throttle control (see Fig. 1, b) is represented by
a system of equations:

d Vv dp
Sy —(y, — y.)+——LE
Pdt(yp ye) E dt
2

3 Y
dt’?

:Ql —1Pe,

’ Vd
= (yp—yp)tn E(yp—yﬂ)—

dy,

d .
A _kuH_FH_FﬁSIgngs (1)

dt

-

! ’d
pFSP :Ck(yp —)’H)+ﬂ E(yP_yH) >

14 ”d
_pFSP =G (yP —)’H)—ﬂ ;C >
t
where

1 . .
Q= xHub\/g | Py — pysignx signAp
Ap=pp—Pp> Pg= Py —Ps> Pr=DP— D>

{ x |x|<x,,,
X, = ‘
x,signx |x|>x,,

1’ is the coefficient of viscous friction between the
rod of hydraulic cylinder / and the reduced mass 2,
n" is the coefficient of viscous friction between the
piston and the walls of hydraulic cylinder 7, n is the
coefficient of viscous damping of the piston of hy-
draulic cylinder /0 of the reduced mass 2, V' is the
volume of the pressure cavity of the hydraulic drive,
Sp is the area of the piston of hydraulic cylinder 1,
r is the loss coefficient of the hydraulic drive, kp is
the coefficient of positional load on the initial link
2 of the hydraulic drive, Pp is the difference between
the supply pressure Py, from the hydraulic pump and
the drain pressure p ., p-is the difference in pressure
on the piston of hydraulic cylinder 7, y,; is the dis-
placement of the reduced mass 2, y is the displace-
ment of the piston of hydraulic cylinder /, E is the
reduced modulus of elasticity (random variable), F,
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is the external load on reduced mass 2 (random sta-
tionary function), }}r is the dry friction force between
the reduced mass 2 and guide 9, b is the width of the
throttle opening of hydraulic distributor 5, x is the
displacement of the piston of throt tle hydraulic dis-
tributor 5, x,, is the maximum displacement of the
piston of throttle hydraulic distributor 5, p, is the dis-
charge pressure of hydraulic pump 1, p, is the drain
pressure of hydraulic pump /, p is the flow coeffi-
cient of throttle hydraulic distributor 5.

Taking the external disturbance as x = 0, the sys-
tem of equations (1) can be written in the following
form [17]:

X:Ax+anr(c)+BFH,s=x2, 2)
where
0 1 0 0
-a, —a, a, 0 a
A=|-y -6, B 6 7|
0 0 -a -b 0
c e 0 —c
xl
1
i X,
B= (;n’ X =X,
0 %

0 s
a=S—};, b:C’:,a _C_I,c,’e:S_l,Y’
n n n
al:ck—cn a _g—en'+k, ’
m m

F !
ol g e
m m
2E
o=—o, PB=ar+ole+a)s,,
\%
0,=aS,, y=0,c, 6=0c,
dy
x1=yH,x2=d—f,x3=pF,

Xy =Ver X5 = )p-
It is necessary to determine the probability of sys-

tem stability by the mathematical expectation under
random load and in the presence of one random pa-
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rameter. Let us assume that the load F(7) is a ran-
dom stationary function with a known mathemati-
cal expectation mpy, variance D P, and correlation
function Kp(1).

The reduced modulus of elasticity of the system F
is considered a random parameter. To justify this as-
sumption, it is necessary to note that the modulus of
elasticity £ depends on a number of factors: pressure
and rate of pressure change [15], gas-air phase con-
tent [22], temperature of the air working fluid, etc.
Considering that these factors are independent of
each other and some of them are random variables,
the value of the modulus of elasticity of the working
fluid £ is taken as a random variable with a normal
probability density distribution and a given math-
ematical expectation m and variance D.

To solve the problem, it is necessary to apply an
approach based on the statistical linearization meth-
od [2]. When m ,; = const, the mathematical expec-
tation m (#) in the established mode is determined
from a system of nonlinear algebraic equations [20]:

m, =0,
—a,m, —(a, +k,/m)m,_+a,m, +
m
+am, =—,
;
oom
—ym, —Om_—Bm_—6m_+ym_=0, 3)
—am, — bmx4 =0,
cm, +m, +em, —cm, =0,
where
k, (0,0, )=k (0,0, )=

21 €
=N, +——-2(n, +Nn,)0| — |,
AP A

and parameters /;, n, =tgn’,n, =tgn" are known
values determined from the nonlinear characteristic
diagram Figure 2.

The solution of system (3) is

mx =a= _mPH )0’0)0)_mPH .
m m
Taking into account:
ok,
B =gradk,(m ,c )|, =0, —— ,0,0,0
* om

X
2
mx
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Figure 2. Diagram of the characteristics of a nonlinear element

and B, ¢’, o, B*= 0, we have the Hurwitz stability
condition [24] for the following polynomial [4, 7]:

A= pE—A-Bk,(0,0, )c*|=
=p +d,p'+d,p’+d,p* +d,p+d., (4)
where
d=u,+a,,
d,=p,+an,+a,+a,0 —a,
d, =p,+a,u, +(a,—a)u, +a,0 (b+c)+a,bc,
d, =a,p, +(a, —a)u, +06ba,c+age),
d, =(a,—a)u,,
1, =bPc—abc—vyeb,
W, =b+B+c,
p, =bB+cb+cf—ab—ve,
ay=ay+ky/m.

The stability condition according to Hurwitz [7,
24] for A:

d,>0,8,>0,8,>0,8,>0,ds>0, (5

where
S,=dd,—d,, 8, =d,5,-d3,,

5,=d,5,-d,ds,—dd,, 5, =dd,—d..

In addition to condition (5), the equation is used:
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IA()

spemal density of a stationary ran-

L(io) }SPH 0)do . ©6)

where S, () —
dom function,
L(p) = =p(p’ +p,p* +p,p+p,)/ m.
To solve equation (6) after integration, it is neces-
sary to write it in implicit form:
®,(k 0.5, )0, (E) =0, )
where from
D (k, (O,ze ), o, (m,))=0. (8)
Then, in the region of the point, m is determined
by Taylor’s formula [11]:

o, (E)= o, (mg)+

oG, (my)
—» PE- +
OF (E=m)

1 0°c, (m,)
+_ 2
OE’
where c, (m;) is determined from equation (8) and
do, (m;)  o®,/0E |
OE o, /oo,

(E-my)+R,, )

E=my
O, (m;) o[ o® /0E
OE’ OE| 0®, /0o,

E=my
R, — remainder term of the equation.
After determination o, = B(E)

z, =M[c, ]= j B(E)f(E)E (10)

8" =Dlo, |= [ B*(E)f(E)AE-3,,

and the stability region D based on inequalities (5),
the probability of system stability is determined as:

pP= j f(E)E,

1 E-m,)
f(E)= exp| - HZE) -
\/EGE 20
RESULTS AND DISCUSSION

To implement the developed method of mathemati-
cal modeling of the stability of a throttle hydraulic
drive (see Fig. 1, b), the following is adopted: 1" =
= 1" =0 Ns¥/m, ¢, =00 N/m, kp, = 0 N/m,
c;=51.8-10° N/m, m = 5103 kg, n = 2.34x
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where

x 10*N-s2/m, V'=7.05-103 m3, Sp= 78.54:10"% m2,
r=2-10"11 m3/(N-s).

Also, for the random modulus of elasticity, the
value [2] is specified in the form of the mathematical
expectation m = 0.8:10° N/m?, the standard devia-
tion o= 0.07-10° N/m?, and the probability density
function is determined by the following formula:

1 (E-m,)’

E)= exp| ————
f( ) \/%c £ P( 20 ;

For a random external load, the value [11] is also
specified as a mathematical expectation m, =
=3.0-10° N, a variance D, =45.0- 10 N2, and the fol-
lowing formula determmes the correlation function:

K, (’C) D, ep(| |j

0.62
The diagram of the characteristics of the external
nonlinear load of viscous friction forces acting on
hydraulic cylinder piston / (see Fig. 1) is shown in
Figure 3.
For the given input data based on equations (2):

-b ¢
A= ,
—a P

—1/m

n _ 2.34-10° 5
b=—=""""""=468 Ns/(mk
- 510 /(mrkg),
S S
Cc

Sp. 78.54-10*
d b

o= =————=15.708 10-7 m%/kg,
5-10° /ke

“p
m
,
P=4
Taking m, =0, we obtain the conditional resis-
tance according to Hurwitz in the form of [7, 20]:
d=k+b+B>0,
d, =k,B+bB+ac,
k,(0,c, )/m= k (0,0, )/m
Calculating the spectral den51ty S, (03) through

the correlation function K, (r) from equatlon (6),
we obtain the followmg

(1n

where k, =

2
I o+ | do
%5 = 0 62mm - |Gy +iod, +d,| (1L6+i0)
_ ZG;H s
0.62m’
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where

gs(z(o)
h, (i) h, (—io)

’

gs(Z)=l32 -z,
h(z)=2"+(d, +1.6)z" +(d+1.6d,)z +1.6d,.

Finally, we get:

@, (k,,0, ,E)= ciz (k, +b+B)(k,p+bp+oc)x
x[0.62(k,B+bB+oc)+k, +b+B+1.6]—

~1.8[k,B+bB+oc+0.62B° (k, +b+P+1.6)] =

where
k (0,5,.) 0.191 2
k,=—2 OB 40| 02
m c, c,

From the equation @, (k,,c, ,m,) =0, we deter-
mine o (m,) = 1.37-10~2 N/m?. Based on expres-
sion (9), we determine:

o, (E) = 1.37-1072 — 1.8: 10~ (E—m, ) -

—%0.355~10’2°(E—mE)2. (12)

Using equations (10) and (12), we can obtain that:
X = 1.369:1072, &% =1.894-1072,

Then, based on Chebyshev’s inequality [8, 26], we

can obtain:
0.8439-1072=% -33<c, <I, +33 =

=1.894-102. (13)

The stability region D of the system is determined

based on equation (11). To do this, it is necessary to

approximate the function k, (0, ze) by a linear func-
tion in the region of the point M[ze] =1.369-10~2:

k0,5, )~-1019+27.75 (14)

Substituting equation (14) into (11) and taking
into account (12), we obtain:

D{0<E<-29-10°}.
Then the probability of stability of the system is:
P= j f(E)E =
D

1 0
\ 21D E —2.9.[08 exp|:

=1—®(0.47) =

(E—mE)Z} B
2D,

0.82.

:1—

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2025. T. 31. No 1

F,

» N

1200

/

1000

—1000

—1200

0.2

G, m/s

Figure 3. Diagram of the characteristics of the nonlinear
element of the piston’s viscous friction forces

Thus, a solution was obtained that provides a
quantitative assessment of the probability of stability
of the hydraulic system in Figure 1. The possibility
of meeting the stability conditions of the hydraulic
drive depends on the requirements for its speed. It
also depends on the degree of damping created by
friction forces both in the hydraulic cylinder and the
load and on the permissible flow rate of fluid from
the power supply system at the equilibrium state of
the hydraulic drive [14]. If it is necessary to obtain a
high-quality factor of the hydraulic drive in the pres-
ence of a large reduced mass m of the external load to
the hydraulic cylinder rod and at small values of the
viscous damping coefficient n, then additional mea-
sures are used to ensure stability. They are as follows:
an overflow of working fluid is introduced between
the cavities of hydraulic cylinder /, an elastic ele-
ment 4 of hydraulic cylinder support 1 with a rigidity
of ¢, is used, and a damper is installed on the spool
of the throttle distributor [19, 25].

CONCLUSIONS

Based on the theoretical studies performed, an im-
portant scientific and technical problem of increas-
ing the accuracy of identifying the state of a hydrau-
lic drive with throttle control under the action of a
stochastic load in rocket and spacecraft systems was
solved. This was achieved by developing a generalized
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method for mathematical modeling of the probabil-
ity of system stability according to the mathematical
expectation under random load and in the presence
of one stochastic parameter.

A solution to the mathematical model in the
form of differential equations is proposed using a
technique based on statistical linearization through
expansion in a Taylor series. In this case, the stabil-
ity condition of the hydraulic system is determined

by the mathematical expectation in the form of the
Hurwitz criterion.

Using the developed method, the stability condi-
tion of a hydraulic drive with throttle control is de-
termined. In this case, for a random external load,
the value of which is specified as a mathemati-
cal expectation m, = 3.0-10° N and dispersion
D, =45.010° N2, the probability of system stability
is equal to P =0.82.
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! BiHHMLIbKMIT HALIIOHATBLHUI TeXHIYHNI YHIBEPCUTET
XMenpHMIIbKE mIoce 95, M. Binaus, Ykpaina, 21021
2 BiHHULIbKMI HALIIOHAIbHUIT arpapHUil YHIBEpCUTET
Bya. ConstuHa 3, M. BinHuus, Ykpaina, 21008

MOJEJTIOBAHHS CTIMKOCTI APOCEJBHOI'O I'APOIPUBOAY PAKETHO-KOCMIYHUX
CUCTEM I1PU BUTTAIKOBOMY HABAHTAXKEHHI TA CTOXACTUYHUX [TAPAMETPAX

IlepcnieKTUBHUM € 3aCTOCYBaHHSI B PaKETHO-KOCMiYHiil TEXHilli IPOCEJbHOrO TiAPONPUBOLY 3aBASKU CBOIMl MPOCTOTI,
HalliliHOCTI B €KCILUTyaTallii Ta HEBUCOKiil MeTamoMicTKOCTi. [1pu 30BHilLIHBOMY BIUIMBI B TiIPOCUCTEMi PAKETHO-KOCMIYHOTO
o0sanHaHHS BUHUKAIOTh BiOpallii, sIKi MPU3BOJATH 10 HECTAOIILHOTO PyXy poOOYMX BY3JIiB, BHACIIIOK YOTO BUHMKAIOTh
JIOIATKOBi KOJMBaHHS Ha BHMKOHABYOMY OpraHi. AKTyaJIbHUM € BM3HAUEHHSI YMOB CTiMKOCTi pOOOTH ApOCEIbHOTO
riponpuBoay, 110 AO3BOJUTh PAKETHO-TEXHIUHill cucTeMi 30epiraTv 3agaHi piBHOBaXKHi cTaHU ab0 BUAM Pyxy. Y poOOTi
BUPIILIEHO BaXKJIMBY HAYKOBO-TEXHIUHY MTPOOJIeMY MiABUILIEHHS TOYHOCTI ileHTUdiKallii CTaHy TriApONpUBO/Y i3 APOCETbHUM
PeryJIloBaHHSIM IMPU Jil CTOXaCTUYHOTO HABAHTAXEHHS Y PAKETHO-TEXHIUHUX cucTeMax. Po3po0ieHo MaTeMaTUYHY MOJIEb
poOOTH TiAPOMPUBOILY i3 JPOCESbHUM PEryJIOBaHHSIM Ha OCHOBI 11 po3paxyHKOBOi cxemu. Po3pobyieHo y3arajibHeHUit
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Y. V. Ivanchuk, A. A. Yarovyi, V. V. Liman, V. S. Ozeranskyi, O. A. Kozlovskyi

METOJ MaTeMaTUYHOTO MOJIETIOBAaHHS TMOBIPHOCTI CTIKOCTi CUCTEMH IO MAaTEMAaTUYHOMY CITO/IiBAHHIO MTPU BUIIATKOBOMY
HaBaHTaXXE€HHi 1 MpPU HasIBHOCTI OJHOIO BUIIAJKOBOrO IapaMeTpa, a caMe MOJAYJs IPYXKHOCTI po0Ooyoi pimuHu. Bbyno
MPOBEJEHO JliHeapu3allilo CUJ B’SI3KOTO TEPTsI i BUKOPUCTAHO PO3Kiaj B psij Teilyiopa 3HaYeHb CTAaHAAPTHOTO BiAXUJIEHHS
napamMeTpa BUMAAKOBOTO MOAYJISI TIPYKHOCTI poO0OYOI pifvHU. 3arnpornoHOBaHO PO3B’SI30K MaTeMaTUUYHOI MOJIETi Y BULJISIII
nudepeHLiaIbHUX PiBHSAHD i3 BUKOPUCTAHHSIM METOAMKU Ha OCHOBI CTAaTUCTUYHOI JliHeapu3allii Ha OCHOBI pO3KJiany B psil
Teitnopa, ne yMoBa CTIMKOCTI TiIpOCUCTEMM BU3HAYAETHCS 32 MAaTEMaTUYHWM CIIOJAIBaHHSIM Yy BUIJISAL KpuTepito [ypaiua.
Bu3zHaueHO yMOBY CTilIKOCTi TiIpompuBOLy i3 ApOCEIbHUM PETryJI0BaHHSIM Ha OCHOBI MMOBIPHOCTI CTIMKOCTi cUCTeMU, ae
3HAYE€HHSI BUITaJIKOBOI'O 30BHIIlIHHOIO HaBaHTAXKEHHSI 3aaHO Y BUIJISIAI MAaTEMaTUYHOTO CITOAIiBaHHS i AUCTIepCii.

Karouogi caoea: rinporpuBoj, CTOXaCTUYHI mapaMeTpu, TUCK, MOAYJIb MPYXKHOCTI, CTIMKICTh, paKETHO-KOCMiYHA TEXHiKa.
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