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This article addresses the issue of constraint stabilization in a dynamic system. The well
known Lagrange’s equation of motion of second order is used for modelling the dynamics
of a mechanical systems considered in this paper. It is known that Baumgarte’s method of
constraint stabilization does not avoid the problem of singularity of mass matrices that may
result from redundancy of constraints and as a result it fails to run simulations near and at
singularity points. A generalized Baumgarte’s method of constraint stabilization is devel-
oped and the stability of the developed method is ascertained by Lyapunov’s direct method.
The developed method avoids using the same correction parameters for all constraints un-
der discussion. The usual Baumgarte’s method, which uses the same correction parameters,
becomes a particular case of the one developed in this article. Moreover, a modified La-
grange’s equation is constructed in a way that explains all the details of its derivation. The
modified Lagrange’s equation improves Lagrange’s equation of motion in such a way that, it
addresses the issue of redundant constraints and singular mass matrices. As it is the case
in Baumgarte’s method, the usual Lagrange’s equation is a particular case of the improved
method developed in this paper. Besides, a numerical example is provided in order to demon-
strate the effectiveness of the methods developed. Finally, the carried out simulations show
asymptotic stability of the trajectories and run without problem at singularity points.

Key words and phrases: stability, generalized Baumgarte’s method, modified La-
grange’s equation, singular mass matrices, redundant constraints, Lyapunov’s direct method.

1. Introduction

One of the commonly used method of modeling Dynamics of Constrained mechan-
ical systems is Lagrange’s equation of motion [1-3]. This method of constructing
motion equations of a mechanical system results in a set of Index 3 Differential Al-
gebraic Equations (DAE). These set of DAE of motion does not use explicitly the
position and velocity equations associated to the constraints, as a result of which
the problem of stability in the position and velocity level came into being. To over-
come these deviations of the trajectory of the system from the constraints, we need to
use constraint stabilization methods. The strategies generally used to overcome this
problem are the Baumgarte’s stabilization method [4] and penalty method [5, 6].

Moreover, in addition to the stability problems that may happen in mechanical
systems, the presence of redundant constraints is also unavoidable in practice. In the
presence of more equations than strictly needed the Jacobian matrix becomes rank
deficient. This is reflected by the fact that some of the equations are dependent on the
remaining ones. The Jacobian matrix can also be rank deficient when the mechanical
system reaches a configuration in which there is a sudden change in the number of
degree of freedom. For instance, a slider crank mechanism [5] reaches a singular
configuration when both two links are at vertical position. In this position both links
overlap and the mechanism has not one but two degree of freedom that corresponds
to two possible motions that the mechanism can undergo. This makes the Jacobian
matrix singular.

It is also known that Baumgarte’s method of constraint stabilization does not avoid
the problem of redundancy explained above, as it may fail to run around singularity
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points and in the presence of redundant constraints [5,6]. Moreover, it can be ob-
served that since the same correction parameters say, a and [, in the sense that, the
same « and the same [ for all the constraints are used in Baumgarte’s stabilization
method, some violations will be eliminated while others may not be. The so called
penalty method discussed in [5, 6] explicitly addresses the problem of redundancy in
contrary to Baumgarte’s method. But in this method, like in Baumgarte’s method,
the same correction parameters are used, as a result of which some violations will be
eliminated while others may not be. The challenge of choosing the correct parameters
for stabilization is a common problem to both Baumgarte’s and penalty methods.

Based on the analysis given above, this paper generalizes both the Baumgarte’s
and penalty methods. A modified form of Lagrange’s equation of motion is developed
in a way that keeps the advantage of addressing the issue of redundant constraints
and singular mass matrices. The generalization of the above methods is done in the
sense that, the problem of using the same correction parameters for all the constraints
is avoided. As a result, we can choose different constants as needed while making
experimentation by simulation to stabilize the system.

The organization of the paper is as follows: In section 2, Lagrange’s equation
of motion is revisited in a way that it addresses problems related to singular mass
matrices and singular Jacobian matrix. This section is mainly based on [7]. Section 3
has two parts: In section 3.1, Generalization of Baumgarte’s method of constraint
stabilization and stability of the generalized method based on Lypunov’s direct method
is developed. In section 3.2 Modified Lagrange’s equation is developed in such a way
that the constructed formula improves Lagrange’s equation of motion and generalizes
penalty method. In section 4 a numerical example is given to show the effectiveness
of the methods developed in simulating dynamic systems.

2. Dynamic Equations of Motion

Dynamics of mechanical systems can be described by second order Lagrange’s
equations of motion. Applying the Lagrange multiplier method, the dynamic equation
of n-generalized coordinate mechanical system subjected to m (m < n) holonomic
constraints [1-3] can be written in descriptor form as:

©(q,t) =0. (2)

Eq. (2) denotes the holonomic constraint equations, M € R™*"™ is the mass matrix,
A € R™ is the Lagrangian multipliers, ©4 € R™*™ is the Jacobian matrix of the
constraints. ) € R™ is the generalized force, q € R™ is the generalized coordinates of
the system.

Therefore the governing equations of a constrained mechanical system can be de-
scribed by a set of n differential equations (1) and m algebraic equations (2). To
eliminate the Lagrange multipliers, one can differentiate Eq. (2) with respect to time,
thus yielding,

0(q,9,t) =Oqq—n = 0. (3)

Equation (3) represents the velocity constraint equations, where n = —0;. Differenti-
ating Eq. (3) with respect to time again, one can obtain,

0(4,4,1) = Oqd — &. (4)

Equation (4) is the acceleration constraint equation, where

5 = _(Qqq)qq - 2@qt('l - @tt~ (5)
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Here the holonomic constraints may be dependent or independent. Accordingly the
inverse of an m x m matrix A = OqM _1®qT may or may not exist. Hence in general
we have from Eq. (1) and Eq. (4),

A=ATOM'Q - &) + (I - AT A)u, (6)

where AT is the Generalized Inverse of matrix A , u is an arbitrary n-vector and I
is an identity matrix of appropriate size. Hence the condensed form of equations (1)
and (2) can be written as:

M = Q, (7)

where Q* = Q — O [AT(OqM'Q — &) + (I — AT A)ju.
It can be observed that the quantity in Eq. (7) given by:
Q° = OT[A (@M 1Q &) + (I — A+ A)Ju ®)

is the constraint force of the system. The constraint force is given as a sum of two
components [7]. The first component is the extent to which the acceleration of the
unconstrained system deviates from the acceleration of the constrained system with
constant of proportionality @Z;A* and the second component is proportional to n-

vector u with constant of proportionality ©Z[(I — AT A)].

Moreover, referring to the dynamic equation of the constraints given by Eq. (4), a
non-zero virtual displacement vector 07 such that ©4dr = 0 (67 is in the null space of
O4) at time t is said to be a virtual displacement [7]. Suppose at a particular instance

of time ¢, the virtual work done by the constraint force, (6r)7 Q¢ = 0. At this instance
of time we have:

0=(6r)"Q° = (6r)"OLAT(O,M™'Q - &) + (6r)"OL(I — AT A)u. (9)

For a virtual displacement §u put 6r = M ~1040u. Then O4dr = GqM_1®g5u =
Adp = 0. This indicates that, if 47 is in the Null space of O, then dyu is in the Null
space of A = GqM_l@qT. The general solution of Adp = 01is = (I — AT A)éw for an
n vector w. This in turn indicates that:

or=M"OLI - ATA)dw. (10)

Substituting Eq. (10) into Eq. (9) we have:

0=(6r)7'Q° =
= (6w)" MO (I — ATA)OL[AT(OM™'Q — &)+ (0r)TOL (I — AT A)u =
= (6w)TA(I — AT A)u.

From which it follows that:
(I — AT A)u=0. (11)

We can conclude from the equations (9), (10) and (11) and the discussions then
made that the equation given by Eq. (8) is the sum of two constraint forces resulting
from the ideal and non-ideal nature of the constraints. As it is shown above using
principle of virtual displacement the constraint force due to the ideal nature of the
constraints is given by

Q' =04AT(OM™IQ ¢ (12)
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and the constraint force resulting from non-ideal nature of the constraints is given by:
QM =0 (I - AT A)u. (13)

Remark 1. Equation (11) shows that when the constraint is ideal, then (I —
AT A)u = 0. As a result we can have the following proposition.

Proposition 1. A holonomic constraint (2) applied to a Lagrange’s Mechanical
system given by equation (1) is said to be Ideal constraint if and only if (I—ATA)u =0
where A = O M _1@qT and wu is arbitrary vector. This theorem is an extension of the
definition of Ideal constraint given by R.G. Mykharlyamov in [2, P. 81].

Remark 2. If the holonomic constraints are assumed to be independent, then the
inverse of the m x m matrix, A~! = (OqM ~'O]) ! exists and then, since in this case

A1 = AT the governing equation of the system indicated in Eq. (7) reduces to:
M= 7", (14)
where Z* = Q — O (©4M 1O1) 1 (O4M~1Q — &).

It also needs to be noted that in the case when A=! = AT we have only Ideal
constrains, since (I — ATA) = 0.

3. Stabilization of the Constraint Equations

When we intend to solve the dependent acceleration from Eq. (14) using standard
ODE solvers, Eq. (2) and (3) may not be satisfied. This is because Eq. (4) which are
obtained by differentiating Eq. (2) twice with respect to time is used. This in turn
implies that the system of equation given by Eq. (4) is unstable. This requires the
incorporation of stabilization to the system as discussed below.

3.1. Generalization of Baumgarte’s Constraint Violation Stabilization
Method

When the violations in Eq. (2) and Eq. (3) are beyond a specified error tolerance,
Baumgarte’s stabilization method [4] replaces © in Eq. (4) by:

O + 220 + %0, (15)

where o and (8 are appropriately chosen correction parameters to make the origin
asymptotically stable. It can be observed that different types of violations in Eq. (2)
and Eq. (3) are not considered by Eq. (15) since the same correction parameters «
and [ are used. Hence some violations will be eliminated while others may not be.
Therefore, let us consider a general case of (15) by replacing it with:

é+KD®+KP@, (16)

where Kp and Kp are constant positive definite symmetric matrices. Equation (16)
may be expressed in terms of [©7, ©7] as:

70 = Coro) = (ke () o

where [ is the identity matrix of size m.
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Let us investigate the stability of the origin in (17): The immediate Lyapunaov
function candidate is:

. 1O\ (K, +eKp eI\ (©
veo =3 o) (M0 7)(6)-
1. . 1
=5 (0+¢0) (6+¢0) + JOT[Kp +Kp —Il0, (18)

where the constant e satisfies:
Kp —el >0,

Kp+eKp — €1 > 0.
Evaluating the total time derivative of V(©,©) we obtain:

V(©,0) = - [g} Fép KDO— d} {g] ' 1)

Equation (19) is globally negative definite and as a result we conclude that (©,0) =
(0,0) is globally asymptotically stable.

Remark 3. For practical purposes we can choose Kp = diag(2ky, 2k, ..., 2ky,)
and Kp = diag(k?,k3,...,k2).

Now & of Eq. (5) have a new form given as:
= —(0qd)qd — 204:4 — O — Kp© — K,0. (20)

We can now write Eq. (14), after including Generalized Baumgarte’s constraint stabi-
lization method we developed, as follows

[1]

Mi=Q - 0L M0l (0,M7'Q - =), (21)
where = is given in (20).

Equation (14) can then be integrated numerically as before with the modified
=Z. One of the advantages of using Generalized Baumgarte’s constraint stabilization
method, as can be seen above is, it reduces the Index 3 DAE given by Eqgs. (1) and
(2) to DAE of index 0, which is purely a Differential Equation. Hence we can use any
of the standard numerical methods to solve the resulting differential equation such as
Runge-Kutta method. The other advantage is, it uses different correction parameters
for different constraints if need be, that may help to reduce all the constraint violations
in contrary to Eq. (15).

However there are some drawbacks in this method:

a) the selection of correction parameters in Kp and Kp has no certain rules to follow;

b) the other problem with Generalized Baumgarte’s stabilization developed in this
paper is that, it does not solve all possible instabilities, such as near kinematic
singular configurations.

These difficulties work in favor of other constraint stabilization method developed
below.

3.2. Modified Lagrange’s Equation Technique of Constraint Stabilization
As it is stated in [8] in order to stabilize the constraints in (2) and (3) it is nec-

essary to take account of the deviation from equations and introduce a corresponding
correction to the dynamic equation of the system. Let the deviation of the constraints
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be denoted by vectors y and y whose coordinates are called excess variables such that:
O(q,t) =y, (22)
Oq4+ O; =, (23)

where y = (y%, 92, ...,y™) and y = (3%, 92, ...,9™).
Now considering the excess variables, the mechanical system is determined by the
generalized coordinates, u = {q,y} and the generalized velocities 1 = {q,y}. Let T°

the kinetic energy, V° the potential energy, D° the dissipative function of the system
before it is subjected to the m-constraints such that,

T°=T%q,q), V°=V%q), D°=D"q,q)

Let T the kinetic energy, V' the potential Energy, D the dissipative function of the
constrained system subjected to the m-constraints such that,

T=T(q,q9,y,y), V=V(qy), D=D(q,q,y,y).

We now expand the constrained mechanical system by Taylor’s expansion method,
around y = 0,y = 0. Assume 7', V and D are at least twice differentiable with respect
to all the variables and the system is at an equilibrium position for y =0, y = 0.

Putting 70 = T%(q, ¢) = 5 Zl(m”)q ¢’ we obtain:
iJ
1 « PV R ey L
T'=3 > (mij)d'd +§Z(aij)yy )+ 17,
i,j=1 i,
9?T(q,4¢,0,0
where a;; = a(q’—;’]’) which is symmetric in the indices ¢ and j. Similarly,
y' oy
1 & i
V=V%a)+ 3 > wiy'y’ +V?,
i,j=1
0*V(q,4,0,0
where v;; = M which is symmetric in the indices ¢ and j. And
Oy 0y’
0y ¢ 1 ¢ Sied 3
D=D (q,q)+52(6ij)yy + D",
,J
9*D(q,q,0,0 Co . e ) . .
where ¢;; = % which is symmetric in the indices ¢ and j. Hence, ignoring
y' oy

higher order terms we have:

1 2 .o 1m i
T=- > (ng)q%ﬂ + 5 2 (aiy)y'y,
2 i,7=1 2 3,7=1
V=V%aq)+ 5 Zl(vm’)yiyﬂ (24)
]:
i
D =D%q,q)+ 3 > (eif) 9y,
iJ

which is the result obtained in [8].
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Let M = Y (mq;), A= Y (aij), Kp = Y (vij), Kp = ) (cij). Note also
1,5=1 1,=1 1,7=1 1,5=1

that the coefficients a;j, v;; and ¢;; in general depend on the generalized coordinates q
and q. In this paper they are assumed to be constants. It is also assumed that matrices
M, A, Kp and K p, that contain the value of the coefficients for the different constraint
equations, do not account for the coupling between the different constraints and hence
the entries off the diagonals can be taken to be zero and therefore the matrices in this
case are each diagonal matrices. Assume also that the matrices are each positive
definite. Now Eq. (24) can be written in the form:

1. R )
T=-4"Mq+ -(y)T Ay,

2 1 2
V=V%a)+ §(Y)TKPY7 (25)
) 1. . .
D =D%q,q) + §(Y)TKDY-

The perturbation expression can be seen to be given by:

d o (1.p,. o (1.0 .. 0o (1 p o (1.p. . .

——— |y Ay | —-— | =y A —(zy' K — |y K . 26
39y <2y y) dy <2y y) + 3y <2y Py |+ g5 (39 Ky (26)
Each of the expressions in Eq. (26) can be simplified as follows:

S (59745) = (67)) 43+ (67),49).

;y (;yTpr> = (")y) Ay,

o (1.r. T .
— (= = Kpy.
e <2y y) ((¥")y) Kpy
Combining all the above terms yields a relatively simple form of the perturbation
expression given by:
(yT)y(Ay + Kpy + Kpy). (27)

Expression (27) is said to be the arising force that resist the constraint violation where
A is the value of the constraining masses, Kp is the damping coefficient and Kp is
stiffness coefficient [9].

The dynamic system is achieved by combining the equation for the unconstrained
system (taking D°(q,q) = 0) perturbation expression and is given in the form:

d /oT° or’  ovo T
— — = Qez — A(y + Kpy + Kpy), 28
5 (5) ~ Gt Gy = Qer = OTAG + Koy + Key), (29
d [/or° oT°
where ¢, is an external force applied to the system. Now from — | — | — —
dt \ 0q 0q
v : (T — VO
—— we obtain Mq = @, where Q = Lq+Qc — Mg and Lg = g Therefore

dq dq

Eq. (28) can be written as:

Mg+ ((y")y) A + Kpy + Kpy) = Q. (29)
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Substituting ¥,y and y from Eq. (22) and Eq. (23) one obtains from Eq. (29)
Mi+0lA [qu+ Oqq+6: + KpO + er)] =Q.
This can also be written as:
(M +65464) 4= Q- 054 (Kpb + Kpo —¢), (30)

where ¢ defined in Eq. (5).

Equation (30) is said to be a Modified Lagrange’s Equation. By comparing Eq. (1)
and (30) we can see that the approximate value for the Lagrangian multiplier is given
by:

AEA(6+KD®+K1»@). (31)

Note that [6], the term @gA(KD@Jer@fﬁ) in Eq. (30) represents the projection
in the direction of the coordinates q of all the internal forces that are generated by
the dynamic system when the constraints ©,© and © are violated.

Equation (30) forms a modified Lagrange’s equations given in Eq. (1). The ad-
vantages of formulation (30) are due to the inherent features of the leading matrix
M + @qTA@q. For any possibly varying number of constraints on the system, includ-

ing the case of redundant constraints, the dimension of (M + @qTA@q) isnxn. In
other words, this sum is always positive definite matrix.

Remark 4.

1. In the modified Lagrange’s equation given by equation (30) the problem of choos-
ing the entries of A, Kp and Kp still persists.

2. The modified Lagrange’s equation developed in this paper is similar to penalty
method of constraint stabilization developed in [5,6]. The basic difference is, in
this paper we use symmetric positive definite matrices A, Kp and Kp. This is
helps us to use different correction parameters in contrary to the same correction
parameters say, used in penalty method. The same difference exists between Gen-
eralized Baumgarte’s method developed in this paper and Baumgarte’s method
in [4].

Example 1. Consider a two-link manipulator, Ly = I, Ly = 1/2, ma = m, m; =
2mgy = 2m as shown in Figure 1. Let us assume that point P follows the horizontal
line y = 1/2 with a constant velocity along the z-axis. We can expect that for ¢; = /2
and g = 7 the system Jacobian matrix becomes singular. We apply the two methods
constructed above to simulate the system. In this example it is verified that, simulating
by the Modified Lagrange’s method developed in this paper solved the problem of
singularity at the indicated points, whereas, the Generalized Baumgarte’s method is
unable to run the simulation in this example at the singularity points.

The generalized coordinates are taken to be ¢ = {q1,¢2} as indicated above.
Notations: The following notations are used in this example.

Cl=cos(q1), C2=cos(q2), S1=sin(q1), S2=sin(gq),
C12 = cos(q1 + g2), S12 =sin(q1 + g2),
h 0 p 0
KD_(O 7“>’ KP_(O s)'

The constraint equations are y = [/2 for point P, and the velocity constraint to

keep point P at a constant velocity on the z-axis starting from the position x = x¢ at
t=0.
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Figure 1. Two-link manipulator

Thus the constraints are: © = (01, 02)T given by:
©1(q1,q2,t) =151 +1/2512 - 1/2 = 0,
62(q17 q2, t) =1C1 + l/2012 + vt — Xrog = 0.
The constraint equation at the acceleration level becomes:

o1\ <101 +1/2C12 1/2012> (q’i) B <q'12l51 +1/2512(¢y +q‘2)2> (32)
©,) \—1S1-1/2512 —1/2512) \ G2 @1 21C1 + 1/2C12(g) + g2)?

Expression (16) is given

O+ Kph+KpO =
<1(J1 +1/2012 1/2012> <q"1> - (412151 +1/2512(gy +q‘2)2)
—1S1—1/2512 —1/2512) \ ¢ @ 21C1 +1/2C12(g1 + ¢2)?

n GIC1+1/2C12(g1 + ¢2)
P\ ~1g151 — 1/2512(qy + G2) + v

+Kp( 151 +1/2512 — 1/2 ) _ (0)

IC1+1/2C12 + vt — xg 0

= defined in Eq. (20) for this example becomes:

_ (41151 +1/2512(g1 + q42)  1/2512(q1 + liz)) (fil) B
~\@C1+1/2C12(qgy + g2)  1/2C12(q1 + ¢2) ) \d2
h(gilC1 +1/2C12(g1 + q2)) p(1S1+1/2512 —1/2)
N (r(l(lel —1/2512(g) + G2) + v)> N <s(101 +1/2012 + vt — x0)> ’

[1]

\ 1/4ml’C2+ 1,  1/16mi>+ 1, )’
o _ (C1+ /2012 1/2C12
47 \~1S1-1/2812 —1/2512)°

o 1/4mi?gGa(gy + ga sin(qz) — 2mgl sin(q;)
—1/4mi?sin(qz) — 1/4mglsin(qs + q2) )
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I. Simulation by Generalized Baumgarte’s Method.
In the case of Generalized Baumgarte’s method, we use Eq. (21) and simulate the
state-space form of system of first order differential equation given in the form:

d [q] q (33)
dt |a] — [MQ — (8L (0qgM~1e]) 1 (OqM~1Q - 2))].

Let us use the following values for numerical investigation m; = 2 kg, m = my =
1 kg, I} = 1/12m,1? = 0.167 kgm? I, = 1/12myl? = 0.208 kgm?. The initial angular
position for link 1 and 2 are respectively 1.396263 rad. and 3.563268 rad. From
these we can find that zq = 0.295953m. The initial angular velocities are chosen to be
0.358620 and —0.867745 rad/s to set the initial velocity of the velocity constraint close
to zero. Note that singularity point occurs in the Jacobian matrix O4 at ¢; = 7/2
and g = .

We consider the following cases.

Case 1: Simulation graph (Fig. 2) with stabilization constants h = 20; r = 10;
p = 100; s = 25. At the time when the simulation of the system reaches the sin-
gular point of ¢ = 7/2 and ¢ = 7. In Fig. 2 there is a failure of the simulation
t = 4.067105e+0. That verifies, the generalized Baumgart’s method can’t run simula-
tions near the singular points. This problem is circumvented by Modified Lagrange’s
Equation method as shown in the subsequent parts of this example.

6 T T T T

_q1 F

solution q

t[s)

Figure 2. Simulation graph with stabilization constants
h =20; r=10; p=100; s = 25

II. Simulation by Modified Lagrange’s Equation method of Eq. (30).

In this case we simulate the state-space form of system first order differential
equation given in by: for simplicity we use A = «f where I is an identity matrix of
appropriate size.

da) _ d (34)
dt 4] ~ (M +0Ta0q)'[Q — 0Ta(Kp6 + KpO — ¢)].

Note that: the difficult of choosing appropriate penalty numbers is observed in the
following graphs and the simulation for different numbers is shown. The overall result
is that the system is asymptotically stable and the problem of running the simulation
near and at the singular points is totally removed in this method.

Case I. Modified Lagrange’s Equation graph (Fig. 3) for h = 20; r = 10; p = 100;
s = 25; a = 10.

Case 2: Modified Lagrange’s Equation graph (Fig. 4) for h = 20, » = 10, p = 100,
s =250, a=3

Case 3: Modified Lagrange’s Equation graph (Fig. 5) for h = 20; » = 10; p = 10;
s = 2500; a = 50
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solution g

0 2 4 ] 8 10 12 14 16 18 20
{s]

Figure 3. Modified Lagrange’s Equation graph
for h =20; r =10; p = 100; s = 25; a = 10
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Figure 4. Modified Lagrange’s Equation graph
for h =20, r =10, p =100, s = 250, « = 3
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Figure 5. Modified Lagrange’s Equation graph
for h = 20; r = 10; p = 10; s = 2500; o = 50

It was observed during simulation experimentation that, choosing alpha too high
makes the system unstable. More appropriate scalars can be chosen by running the
simulation for different values of the constants.
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4. Conclusion

The generalized penalty method developed in this paper circumvents the issue of
redundant constraints and singular mass matrices where as, the generalized Baum-
garte’s method fails to run near singular points as shown in the example. But it can
be concluded that the two methods developed have equivalent effect on a dynamic sys-
tems with non-singular mass matrices. The method developed in this paper improves
the usual Baumgarte’s method and the penalty method in that it made the possibility
of using different correction parameters.
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VIIK 531.3
Crabuanzaius n30bITOYHO OrPaHUYEHHOI AMHAMMWYECKO
CHUCTEMBI

P. I Myxapaamon, Y. T. /Ilepecca

Kagedpa meopemuueckoti Gusuku u MeTaHUKY
Poccutickuti ynusepcumem dpyotcovl Hapodos
ya. Muxayxro-Maxaasa, 0. 6, Mockea, Poccusn, 117198

B nmanHo#t crarhe paccMaTpUBaeTCs BOIPOC CTAOUIN3AIAN CBA3EH JTUHAMUYIECKON CHCTEMBI.
ITupoko ucroabp30BaHO ypaBHEHUE JBHXKeHUdA JlarpaH:ka BTOPOTO MOPSAIKA JJIsi MOJIEJIHPO-
BaHUA JUHAMUKH MEXaHUYECKUX CHUCTEM, PACCMATPUBAEMBIX B 3TOU crtarhe. VI3BecTHO, uTO
MeTo/, Baymrapra 1o orpaHUYeHHIO CTAOWUJIN3AIMU HE MO3BOJISeT U30exKaTh MPOoOJIeMbI CUH-
TYJASIPHOCTH MAaCCOBBIX MATPHIl, KOTOpasi MOXKET BOSHUKHYTH B PE3yJbTaTe H30BITOYHOCTH
OI'PAHUYEHUH, 1 HE CMOXKET 3aIlyCKaTh CUMYJISIIUN BOJIU3U U Ha TOYKAX CUHTYJISIPHOCTH. Pas-
paboran 06OOIIEHHBIN MeTo/, Baymrapra u OIpejeseHbl yCJAOBUsS CTAOUIN3AINA HA OCHOBE
Meroja JIsmyHoa. Pa3zpaboraHHbBI MeTOJ MTO3BOJISIET OIPEIETUTh KOPPEKIUIO TapaMeTpoOB
OrpaHUYEHMi, HAKJIaIbIBAeMbIX Ha (pa30oBble epemMenHbie. 3BecTHbIit MmeTon Baymrapra, nc-
MTOJIL3YIOIINI KOPPEKITUIO YPABHEHUI CBsA3€H, C/leyeT U3 METO/IOB, IIpelJjlaraeéMbIX B padoTe.
MonaudunupoBaHuble ypaBHeHHUs JlarpaH:ka MOCTPOEHBI B COOTBETCTBUU C YCJOBUSIMHU CTa-
OMJIM3alU CBsI3efl U OXBATBIBAIOT TaKKe CJIy4ail CHHTYJISPHON MaTpUIbl KO3MDPUIMEHTOB
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KUHETHYecKoi sHepruu. Kak u B ciydae merosia Baymrapra, oObraHoe ypaBHenue Jlarpan-
2Ka SIBJISIETCS] YACTHBIM CJIydaeM 0oJiee COBEPIIIEHHOTO MeTO/1a, OMMCAHHOTO B JAHHOM CTaThe.
YHucsteHHBI TpUMep WILTIOCTPUPYET 3DPEKTUBHOCTEL pa3paboTaHHBIX MeTonoB. [Ipemiarae-
MBI METO/I MOJEJIMPOBAHUsT 00ECIEUNBAET ACUMIITOTUYECKYIO YCTOMYNBOCTD PEIEHUs yPaB-
HEHUU AUHAMUKU 110 OTHOIIEHUIO K YPABHEHUSIM CBSI3€il TAKYKE B CUHTYJISIPHOM CJIydae.

KuroueBsbie cioBa: crabuiamzaiusi, 0000mEnHbII MeToa Baymrapra, moaudurmpoBaH-
Hble ypaBHeHHUs JlarpaH»ka, CHHIYJsIpHAsi MAcCOBasi MaTpPUIla, W30BITOYHBIE ONDAHUYEHUSI,
mpsiMoit MeTos JIsmyHoBa.
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