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The numerical solution of a system of differential equations with constraints can be unstable due to
the accumulation of rounding errors during the implementation of the difference scheme of numerical
integration. To limit the amount of accumulation, the Baumgarte constraint stabilization method is used. In
order to estimate the deviation of real solution from the numerical one the method of constraint stabilization
can be used to derive required formulas. The well-known technique of expansion the deviation function to
Taylor series is being used. The paper considers the estimation of the error of the numerical solution
obtained by the first-order Euler method.
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Introduction

The description of the dynamics of the system using Hamilton or Lagrange formalisms assumes the
solution of differential equations or a qualitative study of their properties [1]. It is not always possible
to obtain analytically the solution of systems of differential equations. Therefore, it is necessary to
resort to numerical integration methods [2] or to methods of investigating the properties of solutions
using methods of the qualitative theory of differential equations [3].

The use of numerical methods for solving differential equations is associated with the inevitable
accumulation of numerical integration errors. Therefore, the result of the numerical solution reflects the
real picture only with some degree of accuracy. The fact is that the implementation of one or another
difference scheme of numerical integration is accompanied by the accumulation of numerous errors, in
particular rounding errors.

Baumgarte showed [4] that the classical method of determining the reactions of contact constraints
used in mechanics leads to an inevitable accumulation of numerical integration errors associated with an
increase in the values of deviations from the constraints equations caused by errors in setting the initial
conditions. To reduce these deviations, Baumgarte proposed using linear combinations of constraints
equations together with their derivatives. The equations that establish the relationship between linear
combinations of constraints and their derivatives are called the equations of perturbations of constraints.
In essence, the Baumgarte method boils down to replacing the constraints equations with servo
constraints equations. The method of bond stabilization proposed by Baumgarte proved popular and
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caused the emergence of various modifications. Thus, Yu. Ascher proposed a method for stabilizing
systems of higher-order differential algebraic equations with constraints [5].

The conditions imposed on the behavior of solving a system of dynamic equations with deviations
from the constraints equations leads to additional requirements for determining the constraints reactions.
For these purposes, the concept of program constraints was introduced.

The first-order Euler difference scheme is the simplest scheme for numerical integration of systems
of first-order differential equations. When integrating, the area under the curve is searched for as an
area collections of rectangles. Any set of rectangles of finite length will not be able to completely cover
the area of a curved trapezoid, so the numerical solution of the integrable equation does not coincide
with the real one. The estimate of the maximum value of this error can be calculated by considering
the deviation of the numerical solution from the real one.

In theoretical mechanics there is a specific set of problems that define their goal as constructing
a system of ordinary differential equations based on the given properties. Such problems are being
called inverse ones. In some cases we need to find the specific constraints equations that provide the
system with its requested properties. These constraints are defined as program constraints. Methods
for solving systems of differential algebraic equations were investigated in work [6]. If a system contains
some ambiguity by its internal random parameters than it can be considered as stochastic. Some inverse
dynamical problems for the system with stochastic parameters are considered in papers [7-9]. In some
cases the system of motion equations is required to be constructed with regard for Baumgarte constraint
stabilization method implemented in it. In papers [10,11] it was shown that perturbation parameters
are connected with dissipative function that pumps energy out of the system. New advanced numerical
methods were investigated for inverse-like problems in works [12,13].

1 Problem Statement

Let the state of a mechanical system be given by the set of generalized coordinates ¢ = (ql, ey q”).
The change in the position of the mechanical system in time implies the dependence of the vector ¢ on
time t: ¢ = q(t). The rate of change in the position of the system is determined by the velocity vector:
v(t) = dq(t)/dt = ¢(t) = (¢*,...,¢"). Let’s consider that the system of motion equations is presented
in form: _

q=v;

v =alq,t), (1)
where a(g,t) is a given function. Let’s introduce a vector state x = (g, v) and rewrite (1) in a matrix
form:

i = F(z,t). (2)

Suppose that the motion is restricted and the kinematic state vector x(t) is limited by a set of
mechanical constraints described by the equations:

hi(g,t) =0, i=1,...m, m <n. (3)

Here and in the future, corresponding to Einstein’s notation, repeating indices imply summation
by the same indices.

In order to solve system (2) with constraints (3) the method of Lagrange multipliers is used.
But during the numerical integration with Euler first order scheme we will inevitably face with
solution’s instability. To solve this problem J. Baumgarte [1] suggested to consider an arbitrary linear
of constraints and its full time derivatives while solving the system of differential algebraic equations
with constraints. According to this stabilization method our system will take form:

i = F(x,t),
h+ Ah+ Bh =0,
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where A and B are matrices with arbitrary components that are called perturbation parameters. By
manipulating the values of these components, we can achieve a stable numerical solution. We can
algebraically solve obtained system and derive &:

&= X(z+N,1). (4)

Symbol X here stands for the terms with perturbation parameters and provides numerical stability.

2 Numerical Integration

In numerical integration, it is assumed that the differentials of the function and the independent
argument are represented in finite differences dx(t) ~ Ax(t), dt ~ At. Thus, the functions become
functions of a discrete argument.

Let equation (4) be determined on a set [t1,¢2]. In the simplest difference schemes, this set can be
divided by points t1 = #(1),t(), .-, t(2) = () and (N — 1) equal length segments 7 = tat1) — ta)
corresponding to the integration step. Finite increment of a state vector x(t) can be represented as a
difference:

Ax (t(a)) =z (t(a+1)) - (t(a)) , a=1,...,N—1.

We use Euler first order difference scheme to solve equation (4) numerically:
T(a+1) :x(a)+TX(a), a=1,...,.N—1. (5)

To estimate the deviation error, the real solution will be denoted Z(t). It satisfies the system (2)
with constraints (3). It does not include stabilization terms. Consider the deviation of a real solution
from a numerical one (5) at the moment (o) : Z(f(q)) — (). Let’s expend Z(t(,)) at t(q) to Taylor

series:
2

~ ~ X T
(b)) = T(ta-1)) + T2(t(a-1)) + 52(C),
where ( : ¢ € [t(a,l), t(a)] . Taking into account (2) deviation T(t()) — T(a) Will be written in the form:

2

#(t(w) — (@) = #lta1) = 2o + 7 (X (Ha1) = Kian) + F2(0): (6)

If we apply mean value theorem to the term X (t(a,l)) — X(a—1) we will obtain the following
relation:

o 0X )
X (x(t(a—l))at(a—l)) - X (x(a—l) + N7t(a—1)) = % (mgvt(a—l)) (x(t(a—l)) — L(a—1) — N) ’

where z, € [:i"(t(a_l)),x(a_l)] or x¢ € [x(a_l),a?(t(a_l))] depending on which value is greater.
%—)x( (z¢, t(a—1)) — matrix [2n x 2n].

Let’s denote the deviation Z((4)) — ¥(a) = A(a), then the ratio (6) can be rewritten as:

0X 0X T
A(oc) = <12n + T% (th(a—l))) A(a—l) - TN% (:EC’t(oc—l)) + ?x(C), (7)

where Is,, is a unit matrix.
~ 0X

Denote & = n[lax} (%EU(C) - NG (mc,t(a,l))) . Taking into account the triangle inequality, the
te|to,lk

ratio (7) will take form:

0X
Iop + 7 vat(a—l)) + 78

[Aw] < [Aw@- 52
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The norm of a vector or matrix by components is understood as the maximum value of the modulus
of its components: |A(a)’ = max }Ak(a)‘. Solving this recursive inequality with respect to the first
=1,....2n

element, we obtain:
!

0X
Iy + 7—87 (l‘(, t(a—l)) :

a—1

0X
Iyn + 75— (¢, ta-1))

[Aw] <]An) 5

a—2
+ 75 Z
=1

Let’s assume that the integration step is small enough, so the expression 1 + T%% ($<,t(a_1)) is

positive Vt € [tg, tg] even, if the derivative %—f is negative. Also apply to the second term the formula

of the sum of a finite number of elements of geometric series, we get:

a—1 )‘a—l

[ Fon + 7%, (we:ton)|” — 1

Al < |Am)| |2n + T%f (2¢,t@-n)|  +3 X (2.t )
As
Ion + r% (2¢s tia—1)) < exp (Ta;; (xc»t(a—n)) )
then:
Lo + Ta—X (z¢,ta—1)) " < |exp <T(0< - 1)% (%’%a—l))) ’

Ox
and ty =to+ (N —1)7, a < N, 7(ax — 1) < t, — tp. Then the ratio (8) will be written in the form:

S‘exp(tk — o) % (xcatc)’ - 1_
% (2, te)]

The right side of this ratio does not include the node number, so you can also enter the norm for

nodes: ||Al| = max |A(,)|. Then the relation (9) allows you to set the ratio for the maximum
a=1,...,.N—1 (@)

possible error in numerical integration using the Euler difference scheme:

A < [Aw) 9)

0X
exXp (tk — to) % (ajc, tc)‘ +

0X lexp (t; — to) 5 (zc, )| — 1
HAHsml»exp(tk—te)<x<,t<>]+% :
. O |55 (¢, to)]
Conclusion

It follows from this relation that the maximum possible error exponentially depends on the length
of the segment on which the integration takes place. Also, the second term of this relation contains
the stabilization term X associated with the equations of perturbed constraints. Therefore, a change
in the values of the perturbation parameters affects the maximum deviation error during numerical
integration. However, due to the arbitrariness of the type of functions X (z,t), it is extremely difficult to
draw a conclusion about the direct relationship between the perturbation parameters and the maximum
deviation value. Only in some cases, discussed below, the estimates of the perturbation parameters can
be determined by the formula, while ensuring the stability of the numerical solution.
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BaymrapT GaiisilaHBICBIHBIH TYPAKTAHYbIH €CKEpP€e OTBIPBIII,
ANHAMUKAJIBIK TeHAeyJ/IepAiH HAKTbI >KOHe CAHJbIK, IMeImiMi
apacbhIHJAFbI aybITKYJIapAblH Keiidip Oarasayaapbl TypPaJabl

M.U. Axpuibaes!, 11.E. Kacnuposuy?

1 .
Axademur O. Kyambexos amuvindazv, Xaavkmap docmuievs yrusepcumemsi, [llomxenm, Kazaxcman;
21, Jlymymba amowmdaes: Peceti zaavsmap docmuies: yrusepcumemi, Mackey, Pecet

CaHJIBIK, MHTErpasIayia albIPBIMJIBIK, CXEMAaChIH JKY3€re achlpy Ke3iHJle JOHIe/IeKTey KaTeJIepiHiH >KUHa-
JIyblHA OalyTaHBICTBI GailIaHbICH! Gap auddepeHInaIbIK TeHIeyIep KYHEeCiHiH CAaHIBIK, MIelTiMi TYPaKCh3
6oustybl MyMmKiH. 2KuHasy meusmrepin mekTey yimia Baymrapr GailylaHBICBIH TYpPaKTAHILIPY OiCi KOIIa-
HBLIaAbl. HakThI mIeniiMHiH caHIBIK IIENIiMHEH aybITKYbIH Oarajayga KaxkeTTi dpopMyiaap/ibl aay YIIiH
TYPaKTaHIBIPY O/IiCiH maiiananyra 6oaabl. AybITKy GyHKIUSCHH Teiljiop KaTapblHa KIiKTEyIiH Gesrisi
aaici kosnmanbLIran. Makanama 6ipinmi perti Ditnep smiciMeH ajblHFaH CAHIBIK IIENIMHIH KaTeJirin 6ara-
J1ay KapacCThIPBLIII.

Kiam cesdep: GaitranbicTap/ibl TYPaKTAHIBIPY, CAHIBIK HHTEIPAJIIAY, TYPAKTHIIBIK, JUHAMUKA, TuddepeH-
OWAJIIbIK TeHJeyJep Kyiteci, CAHIbIK 9JicTep, CAHABIK, IIEMNTiM, albIPBIMIBIK, CXeMAacChl, JOHTeJIEKTEY.

O HEKOTOpPBIX OIEeHKAX OTKJIOHEHWI MeXKJy peajibHbIM W YNCJIEHHBIM
pelieHnsaMn ANHAMAYEeCKX yPaBHEHU C y9eTOM CTabMIM3alium CBA3MU
Baywmrapra

M.U. Axbiibaes!, .E. Kacrmposua?

L Viueepcumem opyorc6o. napodos umenu axademura A. Kyambexosa, [vimxenm, Kazaxcman;
2 Poceutickuti yrusepcumem opyoichue napodos umenu I1. Jymymbu, Mocksa, Poccus

YHucnenHoe perrenne cucteM audepeHInaaIbHbIX YPABHEHUN CO CBSI3SIMU MOYKET ObITh HECTAOMILHBIM U3-32
HAKOILJIEHUsI ONIMOOK OKPYIJIEHUS IIPU PEAJU3AIUU PAZHOCTHOM CXEeMbI YUCJIAEHHOIO WHTErpupoBanusd. s
OrpaHMYEHUs] BEJNYINHBI HAKOIUJICHWs] MCIIOJIb30BaH MeToj, crabuims3anuu cBsaseit Baymrapra. s onenkn
OTKJIOHEHUsI PEAJTbHOTO PEIeHUsI OT YUCJIEHHOIO MOYKET OBITh MPUMEHEH METOJ, CTAOMIU3AINN sl TOJIY-
qenns TpedyeMbrx dpopmyst. Vcmoab30BaH XOPOITO U3BECTHBIN METO/ PA3JIOKeHNs (DYHKIIMH OTKJIOHEHUS B
psax Teistopa. B craTbe paccMoTpeHa OlleHKa HOIDEIIHOCTH YHCJIEHHOIO PEIeHMUs, [T0JIyY€HHOI'O0 METOIO0M
Diijiepa MepBOro MmopsijKa.

Kmouesvie crosa: crabuinsaius CBs3eil, YNCIEHHOE HHTETPUPOBAHUE, YCTOWINBOCTD, IUHAMUKA, CHCTEMA,
nuddepeHInaNIbHbIX YPOBHEN, YNC/I€HHbIE METOIbI, YNCJIEHHOE DellleHre, PA3HOCTHAS CXeMa, OKPYIJIEHNE.
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