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Abstract

The problem of constructing systems of second-order ordinary differential equations, the solutions of which, with the appropriate
initial conditions, satisfy given equations of the constraints, is considered. The conditions for representing the differential equations
in the form of Lagrange equations of the second kind are determined. It is shown that, when the equations of the non-holonomic
constraints are specified by polynomials of order no higher than two with respect to the generalized velocities, the generalized forces
of a system with energy dissipation comprise the sum of the gyroscopic, potential and dissipative forces.
© 2007 Elsevier Ltd. All rights reserved.

In the numerical modelling of dynamical processes in systems with constraints,! it is necessary to take account of
possible deviations from the equations of the constraints and to ensure stabilization of the constraints.” The general
structure of the system of differential equations (SDE), the solutions of which satisfy the given equations of the
constraints, is not uniquely defined.>* The right-hand side of the required SDE contains arbitrary functions which
determine the trajectories in the manifold corresponding to the equations of the constraints and the motion in the
neighbourhood of this manifold.

From the set of SDEs, the solutions of which, with the appropriate initial conditions, satisfy the given equations of
the constraints, it is possible to distinguish systems possessing additional properties. The conditions which ensure the
stability of a manifold, the distribution of the family of trajectories in this domain and the required accuracy to which
the equations of the constraints must be satisfied in the numerical solution are well-known.* Modern inverse problems
in dynamics imply the construction of SDEs of a specific structure, by means of which an expression for the functional,
which assumes a steady value for its solutions, is established. By virtue of well-known dynamical analogies, another
physical systems can also possess the above mentioned properties.! Conditions have been obtained>® under which
an SDE reduces to the form of the Lagrange and Birkhoff equations and methods for determining the Lagrange and
Birkhoff functions have been given. Problems of constructing Lagrange and Birkhoff functions in the case, when the
number of equations of the constraints is the same as the dimension of the system, have been considered in Ref. 7.

This paper is concerned with solving the problem of constructing SDEs, the solutions of which satisfy specified
relations, and representing them in the form of Lagrange equations. The conditions which ensure the stabilization of
the constraints are determined.

* Prikl. Mat. Mekh. Vol. 71, No. 3, pp. 401-410, 2007.
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1. The construction of systems of differential equations

A material system, the kinematic state of which is determined by the phase coordinates g =¢liq) =
dg’/dt(i, j=1,...,n), is considered. We shall assume that the dynamics of the material system are described by
the following system of differential equations

i

§'=v, ayd v,V +a(d v =0 (1.1)

qd'(ty) = qb, V() =V kl=1..,n (1.2)

In equality (1.1) and henceforth, summation over common indices is assumed.
The following problem arises. It is required to determine the conditions which must be imposed on the functions
ajj, a; in order that system (1.1) can be represented in the form of a Lagrange equation of the second kind

§' =, ‘%(a}L)—a,-L =0 .
9,() = 3()AV, 3,() = I()/Aq’

and its solutions for all 7 > 7y satisfy the equalities
fan =y s M ot =T TG Y =y 0
n=1..,m;, p=m+l,...,m+m, =m<n

The functions y*, y"™1TH, y™+P are treated as further variables, the values of which are determined by the equalities
V¢ = kag, VL 0y% Yt = £i(gh Uhtg), mO =1,....m+m (1.5)

which are considered together with system (1.1). It follows from equalities (1.4) that the coefficients kg of the equations
of system (1.5) must be defined uniquely:

v

-t = - _ B _ gk
ky=ks =0, v=1,..,m, o=2m+1...m+m k,,, =38

8 =0, pu=zv, 8§ =1

The rest of the coefficients remain arbitrary and can be used (see Refs. 2—4, for example) to solve the problem
of stabilizing the constraints. If y* =0 in equalities (1.4), they can be considered as the equations of the constraints
imposed on the system, the dynamics of which is described by system (1.1) or (1.3).

In order to determine the structure of the functions a;;, a;, corresponding to the equations of the constraints (1.4)
and (1.5), it is necessary to represent system (1.1) in a form which can be solved for the derivatives /. This is possible
if det(a;;) # 0, the inverse matrix (/%) exists and the elements of this matrix satisfy the conditions

a’a, =8, 8 =1, 8 =0, i=j

1

System (1.1) then reduces to the form

§'=v, ¥=-d v, d=d%; (1.6)

Differentiation of expressions (1.4), taking into account relations (1.5) and (1.6), leads to the equalities

AV 200 M L = kg T (1.7)

T i [T TN} 2
fiv+f =kgy, fiD+0;

Nt =0 fM1aq'aq’, ot = 3’ fMaq'ar, oLt = o’ el

. . - 1.8
APV +9,f 0 +3,/° = kg "y’ a9
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Substituting their expressions (1.6) into equalities (1.7) and (1.8) in place of ', we obtain the following system of
linear algebraic equations in the functions g;

i X
a,=h, x=1..m

Ki
8
gul — ajf“a]’, gPl - a;.fpajl (19)

]’l}’L = al'zjfp"l)i'l)j + 23‘.2rf“vi + a?tfll _ kgll +11y9’ hp - aifpvi + atfp _ krenl +py9
The matrix (g¢) of system (1.9) is a rectangular m x n matrix. We will henceforth assume that the vectors g« = (g,

..., ¢, which constitute the rows of the matrix (gKi), are linearly independent for all values of qi, v/, t>tg. The
general solution of system (1.9) is the sum of the two terms

a; = ca; +a; (1.10)
the first of which is determined by the product of the arbitrary function ¢ = ¢(g’, v/, 1) and the determinant
aj = det[(3;;, g, c?f)], composed of the components of the unit vector 8 = (8’1, LMY =1, ok = 0,k # j),
the vectors g“=(g"’) and the arbitrary vectors cE=(t, ..., ¥ @E=m+1,...,n—1). The second term ay is

determined by a linear combination of the rows of the matrix (g"i) with arbitrary coefficients A

a = aijxxg“f, 8. =1, 8, =0, i#j (1.11)

ii ’ ij

Substituting expression (1.10) into the left-hand side of Eq. (1.9), taking account of relation (1.11) and the equalities

Xi T Xy

g%a = 0. g"88" =W, y=1..m

we obtain a system of linear equations for determining the factors A\

wi A =AY (1.12)
If the rows g* of the matrix (g"/) are linearly independent, then an inverse matrix Wy : Wy =8 =1,...,m)
exists and system (1.12) has the solution A, = wy~yh". This completes the proof of the following assertion.

Theorem 1. [f; in system (1.1), the functions a; are defined by the expressions

a; = cdet(8geY) + gl A = wi b (1.13)

K
which contain the arbitrary functions ¢, ¢ and kg”'+K, and the initial values (1.2) satisfy the conditions
f™ (g0 v 1) = 0 (1.14)
then, for the solutions ¢' = q¢'(t), vi = v/(t) corresponding to it, the following equalities are satisfied for all t> 1o
g v,n =0 (1.15)

In addition, by choosing the function ¢¥, it is possible to control the motion of a representative point in the manifold
defined by equalities (1.15) in the space of the variables ¢', v/. The functions kj't* affect the motion of a representative
point in the neighbourhood of this manifold when conditions (1.14) are not satisfied (that is, when the right-hand sides
of Eq. (1.14) are non-zero).

The conditions, imposed on the coefficients kg'! T of system (1.5) in order to ensure the asymptotic stability of the
integral manifold of system (1.1), which is determined by Eq. (1.15), and the stabilization of the constraints in the
numerical solution, have been determined in Ref. 4.

It can be seen from Eq. (1.13) that the components 4] of the functions a; contain arbitrary functions c, ¢¥ and that
the coefficients k"' t* occur in the expressions for the factors A. If the relation between the number n of equations of
system (1.1) and the number n of equations of the constraints (1.4) permits, the functions c, 8, kg”‘“‘ can be chosen
such that the expressions for a; have a given structure.



364 R.G. Mukharlyamov / Journal of Applied Mathematics and Mechanics 71 (2007) 361-370

The following three cases are possible.

1°. When m=n, system (1.9) contains n equations

and, for specific values of K* it has the unique solution
a; = gikhkv gikgkj = 8{
from which it follows that the functions a; can have the required structure
a; = piq’, 0 (1.16)

solely on account of the choice of the coefficients kj'' 7% on the right-hand sides of system (1.5).

2°. When m=n — 1, the solution of system (1.9) can be written in the form of (1.10), where a] = det(3" g If it
is required that the functions a; should have the desired structure of (1.16), then the factor ¢ and the coefficients
kgt must be chosen such that the following equations are satisfied

caj+a; = p, (1.17)

We now multiply both sides of Eq. (1.17) by 8"/ a} and sum over the subscript i. Then, taking account of the identity
Y a}a}’ = 0, we obtain an expression for the factor ¢ = Y a} pi/ Ya" aia; ), and Eq. (1.17) can be represented in the
form of a system of linear equations which the functions a; = p;(g/, v*, r) must satisfy

(by-8)p;+ay, =0, b =8"a IaT/(és’f ia;) (1.18)

Since the coefficients (bfC — 8};) of system (1.18) are uniquely defined by Eqs. (1.1) and (1.4), then, in this case, only
the coefficients kg”*" on the right-hand sides of system (1.5) have an effect on the structure of (1.16).

3°. When m<n— 1, the vector a" = (aj, ..., ay) is the vector product a® = [g1 memtl - e"=1] of the vectors
gh = (g"), g? =(g”) and the arbitrary vectors c&=(c¥). We will use the notation ¢”*! =gn*l ¢"2=

g" 2, "~ = ¢, put W™, .., i"~? with arbitrary magnitudes and represent system (1.9) in the form
(gfa) = h*, x=1,..,n-2 (1.19)

Then, the general solution of system (1.19)

T \Y T 1 n-2 \Y X
a=ca+a, a =[g..g ‘¢], a =Ag

depends on the choice of the coefficients kj'' 7, the arbitrary vector ¢ and the scalar factor ¢ and has the form

-2

cg+h g =p, g= g...g" %], a= p(d, v, 1) (1.20)

1

We now multiply both sides of equality (1.20) scalarly by the vector product s = [s%s' ...s" 2] of the linearly
independent vectors s0 sl L84
c(sg) + M(sg") = (sp) (1.21)

The properties of the scalar, vector and skew vector products® enables us to use the following equalities

(sg) = (s'[s'...s" " "g]) (1.22)
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s’g) ... (s’g"
(SE) = | it (1.23)

1 n-2
g g C
1.1 1 n-2 1
[s'..s" gl =| (sg) ... (sg ) (s0 (1.24)
(Sn—Zgl) ( n 2gn—2) (Sn—ZC)
Taking account of relations (1.22)—(1.24), we shall consider equality (1.21) as an equation in the vector c:
[s'...s" 2(cg+ 1 g -p)] = 0 (1.25)
If the vectors s!, ..., s" 2 and ¢ satisfy the conditions

(s'¢) =0,...,(s" %) =0
it then follows from Eq. (1.25) that

| (s'g) .. (s'g

_ L 1 n-2 _ K —
c= cF[S 8 T(p-Ag)] T=1 (1.26)

It is easily verified that substitution of expression (1.26) for the vector ¢ into the equality (1.20) converts it into an
identity.

Example 1. We will now consider the problem of determining the angular velocity vector m of a rigid body using the
known velocities of three of its points which do not lie on one straight line. Suppose ry, r2, r3 are the radius vectors
of the points and that

Py #kpy, Py =Ty—TF, P, =T3-T,, P3 =TI I3
Vi =T, V=0, V3 =13

The equation (p;p;) =0 for determining p; then follows from the equalities (p;p;) = pl-2 =const(i = 1,2, 3) and the
solution of this equation is p; =c¢; [p;w;], where ¢; is an arbitrary scalar and w; is an arbitrary vector. Then, by putting
c¢i=—1 and differentiating the scalar product (p;p;) = p;; = const (i # j), we arrive at the equality

o;lppl =0 ©;=00-0;
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from which it follows that w; = ®; = ®w and

[pi®] = vy, [Pr@] = vy, [P30] = V3, vy =V,

1.27)
Multiplying equalities (1.27) vectorially on the left by v3, vi, v and adding, we obtain

(V30)p; + (Vi) p, + (V,@)p3 — ((V3P1) + (VPy) + (V,p3))® =

= 2([vov ]+ [v vl + [v,v3])

Taking account of the obvious equalities

pPr+py+p3; =0, (v®) =0
we arrive at the conclusion that

(V;0)p, + (v;0)p, + (v,0)p; = 0
and obtain an expression for the angular velocity of the rigid body

® = 2([v5, 1+ [V,v,] + VoV D((V3p) + (v, 95) + (Vop3))

2. Non-holonomic preset constraints of the first and second powers of the generalized velocities

We will now consider a special case of the problem of determining the coefficients a;;, a; of the equations of system
(1.1), when m; =0 and the functions f™!*P(q', v/, ) = y™1 P contain generalized velocities v/ to a power no higher
than the second

M= A+, v =1,

e, m

= S @ G G, =

We note that the equations of the constraints of the form f'(¢“)v' + f'(4*) = 0 may be integrable. Putting a;; =
f;:’“ from the relations

= F (" 4, v)

where FX(f™, ¢', v/) (F¥(0, ¢', v/) = 0 are arbitrary functions, k, w=1, ..., m+ 1, we obtain a system of equations
for determining the functions a;

Wil (m+ 1)l [ i m+1 il il i
g = fia g =1)+r,r=f,- a, aga =9,

= 9, /M v + 9, rh0f -

2.1)
hm+1 _ 1

m+1_1i_ j k m+1 i k m+1_k +1
= Eakf,, VU 0, f] T VY 0, f T v - F"

The component g of the solution of system (2.1) is determined in the form

a,T = a,Tj(vj+rj)
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where
ajl ij 81’ 8]"
8! &Y 5! &
T T
a, = —d,;: = 11 1j 11 1
it i g .8l g e g (2.2)
g(n—2)l g(n—2)j g(an)l g(n—Z)n
If the arbitrary functions g<’”+1)j e g(”_z)j , the components of the last rows of the determinant, depend solely on

the coordinates ¢, then alTj = alTj(qi ) and the following condition is satisfied

afj(qi)vlvj =0

3. A system with energy dissipation

It is required to construct equations of the dynamics
i

qg = v, aij(qk, vl, t)i)j+a,-(qk, vl, t)y=20 (3.1)

of a system, for which the following equality is satisfied

E = -R
E=T+V, T= %mij(qk)vivj, my =m; V=V R= %bij(qk)vivj, by = b (3-2)
We put a;; = m,-j(qk). Then, the equation for determining the functions a;
v"(aiV+y,-7jkvjvk+ b,-jvj—ai) =0
(3.3)

1
Yijx = E(ajmki"'akmij“aimjk)

follows from relations (3.1) and (3.2).
The set of solutions of Eq. (3.3) is written in the form

a, = afjvj +0,V+ b,jvj + y,j’kvjvk
The coefficients a}l are determined by expressions (2.2) with the arbitrary functions glj ey g("_z)j . In the case being
considered, system (1.1) takes the form
. J Jj

_ . J jok o _ T J J
g =V, myd +y,;, Vv =-a;v-9,V-b,v (3.4)

The right-hand side of the system of equations (3.4) consists of the sum of the gyroscopic, potential and dissipative
forces.

4. Helmholtz conditions

In order that the system (1.1) can be represented in the form of Lagrange equations, the functions a;; and a; must
satisfy the Helmholtz conditions'”

_ ' _ ' ' ' _ j
a; = ay, Bkaij = Biakj, 0ia;+9;a, = 2{d,+v aj}a,.k

r ' ' 4.1
2(d;a;~-0;a;) = {9,+V 9, }(9d;a,-d,a;
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Suppose the coefficients a;; of system (1.1) have the form
a;j = 4y, 0(‘1)‘*‘“,, k(‘l)v +a (‘1 U) “4.2)

and that the functions a; with an appropriate choice of the arbitrary functions ¢, c&/, kg can be represented by the an
expansion in powers of v':

1 3
a; jk(q)vv +a( )

a; = a,5(q) +a; (4 +5

(¢", ) 4.3)

The coefficients a; j; on the right-hand side of Eq. (4.3) satisfy the conditions a; jx = a;4j; al(?)(qk b, al@(qk, o) in
expressions (4.2) and (4.3) respectively denote terms containing v' to powers of no less than the second and third.
Equalities (4.1) then lead to the following conditions which are imposed on the coefficients of expansions (4.2) and
(4.3) with respect to the powers of v'

Aijo = Qoo Qijxk = Qjix = Ay
atay; =0, d,a,0= B,aj o aa] p+0,a; ,+8ka =0
a; ixtag i = 2a‘aki 0 0 ikl aa, k= ak(al =4 i)

(2) (2) v (2) v (2)

ij = Qji d,a ij = aiakj “44)
3, 4 (3 j 2

9,al” +day) 28.aik,,v’v 209, a( :

J1

Hence, the following assertion holds.

Theorem 2. System (1.1) with coefficients of the form of (4.2) and (4.3) reduces to the form of the Lagrange Eq. (1.3)
if conditions (4.4) are satisfied.

It has been shown>’ that the Lagrangian, corresponding to system (1.3), can be sought in the form
L = k(q', V') +d,(g)V +dy(q) 4.5)

where the functions k(¢q’, v/), d j(qi ), do(q") satisfy the partial differential equations

9k = a, (4.6)
9,d;~3,d; = (3a;~ a2+ (3,dk ~3;9%) =2;(q) @.7)
d,dy = —a;— 9k +(9,0;k+(d;a; aiaj)/2)vj_=_wi(q1) 4.8)

The solution of the equations of system (4.6)—(4.8) has been given in Ref. 5

Example 2. Suppose the kinematic state of a mechanical system is determined by the coordinates

which must satisfy the conditions
f= 3+ +2V(x,y)—2e, e =const, f=Af (4.9)

System (1.1) takes the form

apX+apy+a, =0, ayX+ayy+a, =0 4.10)
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Putting
= ay = =ay, =0, a =0, i,j=12
ay =ayp =1 a,=ay; =0, a;°=0, i,j=1,
from equalities (4.9) and (4.10), we obtain an equation for determining the functions aj, a>

X0,V -a)+y(0,V-ay) = pf; 9,() =09()dx, 9,() =09()/dy @1
The solution of Eq. (4.11)
a; = &)XV+cy'+pc’f/vz, a, = ayV—cx+pyf/v2; Vo= 4y

contains the arbitrary functions c(x, y, X, y) and p(x, y, X, ), by the choice of which the structure of the equations of
system (4.10) is determined. We put p = —\v>. If the factors ¢ and \ are independent of the generalized velocities
X, y:c=c(x,y), N =A\x,Yy),then

. . 2 . 2 3)
= ai,0+a,._]x+a,’2y+(a,~’“x +2a; pXy+a; 5y )2 +a;

a;

a, =09V, ayo=09,V, a; | =-a,,=-2Me-V), a;,=-a,, =~
_ (3) 2 () _ a2

a; 4=0, a;’ = kiv’, a, = MAyv

Direct calculations show that conditions (4.4) are satisfied when A = 0. System (4.10) is written in the form

¥+0,V(x, y)+c(x,y)y =0, y+9,V(x,y)-c(x,y)x =0 (4.12)

We now construct the Lagrangian corresponding to system (4.12). The function k = (x> 4+ y%)/2, corresponding to
system (4.12), is determined from Egs. (4.6) and (4.7) are written in the form

3,Vd,~9,Vd, = c(x,y) 4.13)

The arbitrary functions d| = a1 (x, ¥), d» = oz (x, y) satisfy Eq. (4.13). Eq. (4.8) for determining the function dj takes
the form

d.dy = -3,V d,dy = -3,V

whence it follows that dy = —V(x, y). Substituting the values which have been found for &, dy, d1, d> into equality (4.5),
we obtain the Lagrange function

L = (& + 52+ 20, (x, y) + you,(x, ¥) = V(x, y) + e

which, when e =0, is identical to the function L constructed earlier in Ref. 11.
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