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Abstract. The problem on the rotation of a dynamically asymmetric
rigid body around a fixed point is considered. The body is fixed inside
a spherical shell, which a ball and a disk adjoin to. The equations of
motion of the mechanical system in the case of absence of external forces
admit two additional first integrals and these are completely integrable.
The nonintegrable case, when potential forces act upon the system, is also
considered. The qualitative analysis of the equations of motion is done in
the both cases: stationary sets are found and their Lyapunov stability is
studied. A mechanical interpretation for the obtained solutions is given.
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1 Introduction

The problem considered in this paper goes back to the Chaplygin work [1] of
rolling a dynamically asymmetric balanced ball along a horizontal plane without
slipping. The integrability of the system was revealed by Chaplygin with the help
of its explicit reduction to quadratures. A sufficient number of works are devoted
to the Chaplygin problem and its integrable generalizations (see, e.g., [2]). One
of them is investigated in the paper. In [3] the generalization of system [2] is
given. The motion of a dynamically asymmetric rigid body around fixed point
O is considered (see Fig.1). The body is rigidly enclosed in a spherical shell,
the geometrical center of which coincides with the fixed point of the body. One
ball and one disk adjoin to the spherical shell. It is supposed that slipping at
a contact point of the ball with the shell is absent. The disk — nonholonomic
hinge — concerns the external surface of the spherical shell. The centers of the
balls and the axis of the disk are fixed in space. The study of dynamics of such
systems is of interest, e.g., for robotics in the problems of the design and control
of mobile spherical robots (see., e.g., [4]). The motion of the mechanical system
is described by the differential equations [3]
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Fig. 1. The rigid body enclosed in a spherical shell, which a ball and a disk adjoin to.

Io =Tw xw+ Ry x N+ uE +Mgq, Diw; = Diwy X w+ Riy x N,
A=yxw E=E x w, (1)

and the equations of constraints
Rw x v+ Riwy xv=0, (w,E)=0. (2)

Here w = (w1, ws,ws), R is the angular velocity of the body and the radius of the
spherical shell, w; = (w1,,w1,,w1,), R1 is the angular velocity and the radius
of the adjoint ball, v = (y1,72,73) is the unit vector of the axis connecting
the fixed point with the center of the adjoint ball, E = (e, e, e3) is the vector
of the normal to the plane containing the fixed point and the axis of the disk,
I = diag(A, B, C) is the inertia tensor of the body, D; is the inertia tensor of the
adjoint ball, N= (N, N2, N3), p are indefinite factors related to the reactions
of constraints (2), Mq is the moment of external forces. One supposes that the
position of the vectors E and « with respect to each other is arbitrary.

By means of the equations of constraints (2) the differential Egs. (1) are
reduced to the form [3]:

I+ Dyx(wxv)=Iwxw+uE+Mgq, y=vxw, E=Exw, (3)

where D = %Dl.

The indefinite factor u is found from the condition that the derivative of the
2nd relation (2) in virtue of differential Egs. (3) is equal to zero.

If the body is subject to external forces, e.g., potential ones

ou ou
Mo =~ x 22 LB x 22
Q=YX 5, TEX R



On the Qualitative Analysis of the Equations of Motion 215

where U = U(~, E) is the potential energy of external forces, Egs. (3) admit the
following first integrals

2H = Iqw,w)+2U(v,E)=2h, V1 =(v,7) =1, Vo =(E,E)=1,
V3:('7,E):Cl, V4:(waE):0 (4)

and are nonintegrable in the general case. Here I =1+ D - Dy ®~v, vy ®~v =
[Cij]v C11 = 'Y%a C12 = 7172, - - -

In the case of the absence of external forces (U = 0) and (E x «) # 0, Egs.
(3) have two additional first integrals

F,=(K,Ex7v), Fr,=(K,E x (E x 7)),

where K = Iqw — (Iqw, E)E, and then system (3) is completely integrable.

2 Problem Statement

The qualitative analysis of the problem under consideration was not conducted
so far. In the present work, the qualitative analysis of the equations of motion
(3) on the invariant set defined by the relation V4 = 0 (4) is done. We find
invariant sets of various dimension from the necessary conditions of extremum
of the first integrals of the problem (or their combinations) and study their
Lyapunov stability. The sets found in this way are called stationary ones. The
stationary sets of zero dimension are known as stationary solutions, while the
positive dimension sets are called stationary invariant manifolds (IMs).

We use the Routh-Lyapunov method [5] and some its generalizations [6] for
the study of the problem. The computer analysis of the problem is mainly done
symbolically. Computer algebra system (CAS) Mathematica and the software
package [7] written in the language of this system are applied to solve com-
putational problems. With the help of the package, the stability of the found
solutions is investigated.

The paper is organized as follows. In Sect. 2 and 3, we describe finding sta-
tionary sets both in the case of absence of external forces and when potential
forces act upon the mechanical system. Solutions obtained in these sections corre-
spond to equilibria of the mechanical system. In Sect. 4, solutions corresponding
to pendulum-type motions are presented. In Sect. 5, the stability of the found
solutions is analyzed. In Sect. 6, we give some conclusions.

3 On Stationary Sets in the Case of Absence of External
Forces

The equations of motion (3) in an explicit form on the invariant set V4 = 0 when
U = 0 are written as
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oy = _Uil [D(A = B)(B + D)ysioz — (A = C)(C + D)yaws) mawn
+(B = C)((C+ D)(B+ D — Dv3) — D(B + D)y3) @aws + 1 [(C + D)

X((B+ D)er + Dyz(eay1 — e1y2)) + D(B + D)yz(esy — 6173)]}7
in === [(A= B)(B+ D)(A+ D - D) - D(A4+ D)) wrie
—D((A = C)(A+ D)yaw1 — (B = C)(B + D)yiw2) y3ws + pu[D(A + D)

X7z (€275 = e372) + (B + D)(es(A4 + D = D?) + Dern)l,
Y1 = —Y3Ww2 + Yows, Y2 = Y3W1 — Y1wWs, Y3 = —Yow1 + Y1W2,

él = —635}2 + €oWs, é2 = €3W1 — €1W3, é3 = —eow1 + 61@2, (5)

eiwitesws

where wy = — o

b

= _J% (A-B)((B+ D)(A+ D)es + D(B+ D)yi(yze1—esm)

+D(A+ D)ya(y3e2 — e3y2)) wiwa
—(A = C)(e2(A+ D)(C + D) + D(C + D)vi(e1y2 — e2m1)
+D(A + D)v3(ezya — e273)) waws + (B — C)((B + D)(C + D)es
+D(C + D)yaleans — ex12) + D(B + Dyaleam = exya)) Baws.
o1 = D((B+D)(C+D)~} + (A+D)(C + D)3 + (A+D)(B+D)~3)
—(A+ D)(B+ D)(C + D),
o2 =(B+D)(C+D)e? +(A+D)(C+ D)e2 +(A+D)(B+ D)e2
—D[(C + D)(eay1 — 61’)/2)2 + (B+ D)(esy — 61’}/3)2
+(A+ D)(e3y2 — eav3)?],

Equations (5) admit the following first integrals:

=(A+D-Dy)wi+(B+D—D3)@2 +(C+ D — Dy3)w?
—2D(’Y172w1w2 + 11y3wiws + Y2y3Waws) = 2 h,
i :fyf+’y§+’y§ =1, V2:e%+e§+e§ =1,
V3 =e171 + e2ye + e3y3 = cu,
Fy = —(A+ D)(e3ya — eay3) w1 + (B + D)(eam1 — e173) @2
—(C + D)(e271 — e172) ws = ca,
Fy = [e1 (A+ D — 2D77)(e272 + e3ys) — 71 (A (€5 + €3)
D((e5 +€3)(7F — 1) + (es72 — e273)® + €1(73 +73)))] w1
(B +D— 2D’72)(€1’71 + e373) — 12(B (€2 + €2)
D((ef +€3)(75 — 1) + (e3m1 — e173)* + €3(7F +3)))] @2
(e171 + €272)(C + D — 2D73) — 73(C (€] + €3)
D((eam1 — e172)? + €3(7F +73) + (el + €3) (73 — 1)))] ws = cs.

[
[
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Here Fy, F5 are the additional integrals of the 3rd and 5th degrees, respectively.
As was remarked above, the stationary conditions for the first integrals of
the problem (or their combinations) are used to obtain solutions of interest for
us. In the problem under consideration, because of rather high degrees of the
first integrals, another approach [8] turned out to be more effective for seeking
the desired solutions: first, obtain the desired solutions from the equations of
motion, and, then, find the conditions on the parameters of the problem under
which these solutions satisfy the stationary equations for the first integrals.
Obviously, Egs. (5) have the solution w; = ws = 0. These relations together
with the integrals V; = 1, V5 = 1 define the invariant manifold (IM) of codimen-
sion 4 for the equations of motion (5). It is easy to verify by direct calculation
according to the IM definition. The equations of the IM are written as:

wi=wy=0,ef+e3+ef =177+ +73 =1. (7)
With the help of maps on IM (7)

wlZW3=0771=i\/1—7§—7§7€1=ima (8)

we find that the integral V3 takes the form

62’72+63’Y3i\/1—73_7§\/1_€%_63201

on this IM. Thus, IM (7) exists for any angles between the vectors E and ~, i.e.,
it is the family of IMs.

The differential equations 42 = 0, 43 = 0, é2 = 0, é3 = 0 on IM (7) have the
family of solutions:

Yo = 79 = const, 13 = 7J = const, es = €J = const, e3 = €5 = const.  (9)

The latter relations together with the IM equations determine four families
of solutions for the equations of motion (5)

_ _ _ 02 02 _ 0 _ 0 _ 02 02
wi=wg=0,e1=F\1—-e3 —ey ,e2a=¢€y,e3=¢€3,71=\1—7 —75,

Y2 =79, 13 =%

_ _ _ / 02 02 _ 0 _ 0 _ / 02 02
wi=wg=0,e1=F\1—-e3 —e5,ea=¢€5,e3=¢€3,711=—\1—75 —735,

Yo =19, 73 =173 (10)

that can be verified by substituting the solutions into these equations. Here
e3,e9, 49,79 are the parameters of the families. Evidently, the solutions belong
to IM (7).

From a mechanical point of view, the elements of the families of solutions
(10) correspond to equilibria of the mechanical system under study.

Using the stationary equations

8[(1/8(4)1 = O, 8K1/8w3 = 07 6K1/8’}/j = 0, 8K1/8ej =0 (j = 1,2,3)
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for the integral 2K = 2X\oH — A1 (Vi — V2)? — M1 Fy (\; = const), it is not
difficult to show that this integral takes a stationary value both on IM (7) and
solutions (10). For this purpose, it is sufficient to substitute expressions (8) (or
(10)) into the above equations. These become identity.

Directly, from differential Egs. (5), it is also easy to obtain the following their
solutions:

W1 = Wz = 0, €1 = :|:’}/1, €y = :|:’}/2, €3 = :|:’73. (11)

Relations (11) together with the integral V4 = 0 define two IMs of codimen-
sion 6 of differential Egs. (5) that is verified by direct computation according to
the IM definition. The equations of these IMs have the form:

wi=w3=0,e1F11=0,e2F72=0,e3Fv3 =0+ +7; =1 (12)

On substituting expressions (12) into the stationary conditions for the inte-
gral

2K2 = 2)\0H — /\1V1 — )\2‘/72 — 2)\3‘/3 — 2)\4F1 — 2)\5F2 ()\z = COl’lSt)

we find the values Ao = A1, A3 = FA; under which the integral K5 assumes a
stationary value on IMs (12).

The integrals K7 and K» (under the corresponding values of A2, A3) are used
for obtaining the sufficient conditions of stability of the above solutions.

The differential equations 42 = 0, 45 = 0 on each IMs (12) have the following
family of solutions: 72 = 79 = const, 43 = 7§ = const. Thus, geometrically, in
space R®, two-dimensional surface corresponds to each of IMs (12), each point
of which is a fixed point of the phase space.

The integral V3 takes the values +1 on IMs (12). Thus, IMs (12) correspond
to the cases when the vectors E and = are parallel or opposite in direction.

4 On Stationary Sets in the Case of the Presence
of External Forces

Let the mechanical system under study be under the influence of external poten-
tial forces with the potential energy U = (a,7) + (b, E), where a = (a1, ag, az),
b = (b1,bs,by) are the indefinite factors. In this case, the equations of motion
(3) on the invariant set V3 = 0 are written as:
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in = P@4zﬂ3+mww—@4cmc+mwmwwl

(
+(B C)((C 4 D)(B+ D — D3) — D(B + D)y2) @aws + 1 [(C + D)
X((B + D)e1 + Dya(eav1 — e1y2)) + D(B + D)ys(esy1 — e1ys)]

+((C+ D)(B+ D — Dv3) — D(B + D)v3)Mg, + D(C + D)y172 Mg,

+D(B + D)masMa. |,

+
g = _Uil (A= B)(B + D)(A+ D - D7) = D(A+ D) 23) iras
—D((A—C)(A+ D)yawy — (B — C)(B + D)y102) y3ws + u [D(A+ D)
X2 (€273 — €372) + (B + D)(e3(A+ D — D~3) + De1y17s)]
+Dv3((B + D)y1 Mg, + (A+ D)y2Mg,) + (B + D)(A+D—D~7)

~D(4+ D)13)Mq, |,

Y1 = —7Y3W2 + Yow3, Yo = Y3wi — Y1W3, Y3 = —Yawi + Y12,

€] = —e3lWs + eaw3, €3 = €3wW1 — e1w3, €3 = —eawi + e1ws, (13)
where j = —— [(A B)((B + D)(A+ D)es + D(B +D)m

X (y3e1 — 6371) + D(A+ D)y2(y3e2 — e372)) wiwe
—(A—-C)(e2(A+ D)(C+ D)+ D(C+ D)yi(e1v2 — ea7m1)
+D(A + D)vs(e3y2 — e273)) wiws + (B — C)((B+D)(C+D) ey
+D(C + D)v2(ean — e172) + D(B + D)vs(esm — e1y3)) waws
—((C+ D)((B+ D)e1 + Dyz(eam1 — e172))
+D(B + D)ys(esy1 — e173)) Mg, — ((C + D)((A+ D)ez
+D1(e172 — eam)) + D(A + D)vys(esy2 — e2v3)) Mg,
—(D(A+ D)va(e27s — e372) + (B + D)((A+ D)es
+Dy1(e1ys — e3y1))) Mg, |-

Mg, = bsea—boes + azy2—azys, Mg, = —bser +bies—azy1+a1vs,

Mg, = baey — brea + azy1 — arye.

Here s, 01, 09 have the same values as in Sect. 2.
The first integrals of Eqgs. (13):
=(A+D-Dyi)wi 4+ (B+ D —Dv3)w5 + (C+ D — Dv3) w3

—2D(7172w1w2 + Y1Y3wWiws + Y2Y3Waws) + a1y1 + azye + azys
+bie1 + baes + bzes = 2h,

1 :'yf+'y§+7§ =1, szeere%Jreg =1,

V3 =e171 + e2v2 + e3y3 = c1. (14)
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We shall seek solutions of differential Egs. (13) of the following type:

_ _ _ 0 _ 0 _ 0 _ .0 _ .0 _ .0
wi=w3=0,e1=¢€,ea=1e€3, €3 =e3, 71 =772 =", V3 =75, (15)

2 2
where €3, €3, 79, 7§ are some constants, and € = £1/1 —€3" — €Y,

N=E1-29 -7
On substituting (15) into Eqgs. (13) these take the form:
B[(C+ D)((B+ D)€} + Dv3(e37) — e379)) + D(B + D)3 (e37) — e95)]
+((C+ D)(B+D—DyS") — D(B+ DS )Mg, + D(C+ D)48Mq,
+D(B + D)y{v3 Mg, =0,

2

[i [D(A+ D)9 (€979 — €399) + (B + D)(e3(A + D — DY) + Dedyia3)]
+DV3((B + D)1 Mg, + (A+ D)y3Mq,) + (B + D)(A+ D — D7Y)
—D(A+ D)) Mg, = 0. (16)

_ 1

Here fi = — [(C + D)((B+ D)<} + Dr(eir} — ) + D(B + D)
x95(e3 — €173)] Ma, + [(C+D)((A + D) € + DyY(ely —exn))
+D(A+ D)y3 (€978 — €973)] Mg, + [D(A + D)3 (e9ys — €373)
+(B + D)((A+ D)e§ + D) (978 — er)))] Mg, |,

G2 =(B+D)(C+D)e¥ +(A+D)(C+D)ed + (A+D)B+D)e
—D[(C + D) (9] — €978)> + (B + D) (3] — e943)?
+(A+ D)(e978 — e9v)?], Mg, = bsey — baed + azys — a7y,

MQ2 = —bge(l) + bleg — agfy? + awg, ]\7.I'Q3 = bge? — bleg + agvf — alfyg.

Equations (16) are linear with respect to a;, b; (¢ = 1,2, 3). Considering them
as unknowns, we find, e.g., by, b3, as the expressions of a1, as,as, by, e?, 7?:

]. 2 2 2
by = b1ed(ed” + €9 +e%) + asz(eleldd — e9el4?
2 6(1)(6(1)2 +682 +eg2) (bres(ey 2 3 ) s(eress 2€371)

—as () + e )0 + e2ed19) + ar (e + e§ )9 + ededr?)),

]. 2 2 2 2 2
_ bref(e9 4 €0 4 e9%) — aa((e9 + 0710 4 06040
3 (P 1 eF 1) (breg(ey 2 3) s((e] 3 )71 1€272)
taze (€D — eaD) + ar(e3eda? + () +e§)a)). (17)
Assuming €] = €9, 73 = 48 and as = az = 0, we obtain 7§ = —(b1e +

boy/1—2€°)/ay from the 1st relation (17). The 2nd relation (17) under the
above value of 7§ takes the form b3 = by. So, when ay = az = 0, b3 = b, we
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have 4 families of solutions of differential Eqgs. (13):

a1
21 21
Y2=——H V3= ———;
ay ay
2 2
ay — 2z
_ _ 02 _ . _ 0 _ 1 2
wi=w3=0,e1=1/1-2e37,ea=e3=e3, == o )
1
%) Z2
Yo =T, V3= (18)

ai
Here z; = b€l +boy/1 — 2682, 29 = b1e9 —boy/1 — 2632, and ) is the parameter
of the families.

The integral V3 takes the form —(2e9z; £ /1 —2€9"\/a? —223)/a; = ¢,
on the first two families of solutions (18), and on the last two families, it is
—(2€92 F y/1 —2€Y° \/a? —222)/a; = c;. Thus, solutions (18) exist under any
angles between vectors E and ~.

From a mechanical point of view, the elements of the families of solutions
(18) correspond to the equilibria of the mechanical system under study.

From the stationary conditions

84’1/&01 = 0, 6@/8&)3 = O, 845/8’}/3' = O7 8@/8@ =0 (] = 1,2,3)

of the integral 2& = 2A\gH — A\ V] — AoVo — 2A3V3 we find the constraints on A;,
under which the first two families of solutions (18) satisfy these conditions:

0 /3 2 / 02
N exv/ay —2z7 £ /1 —2e3 2 \ biz1 F bay/a? — 222 N 21
o= a2el P2 a2el P T el
162 162 1

Having substituted the latter expressions into the integral @, we have:

2(e§v/af — 227 £ /1~ 2e8°21) bizy F bar/a2 — 223
H-V— 12

2@ =

T Gz o]
22’1
2 VA, 19
ai€) 3 (19)

By the same way, we find the integrals taking a stationary value on the
elements of the last two families of solutions (18):

2(e9+/a? — 222 £ /1 — 2e9°29) bi 2o 4+ bor /a2 — 222
2@3’4::‘: 1 2 2 H Vl— 122 21/ a7 2’2‘/2

2.0 2.0
areés areés

222

aleg
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5 On Pendulum-Like Motions

In the problem under consideration, we could not obtain solutions corresponding
to permanent rotations of the mechanical system. These motions are typical of
rigid body dynamics. Basing on the analysis of the equations of motion (5) and
(13), one can suppose that there are no such solutions. However, under the action
of external potential forces the mechanical system can perform pendulum-like
oscillations.

When as = a3 = b; = 0, the relations

W3=0,’)/1::|:1,’}/2=’}/3=€1=O (20)

define two IMs of codimension 5 of the equations of motion (13).
The differential equations on these IMs are written as

bsea — baes

w1 = A y €2 = €3W1, €3 = —€aW1

and describe the pendulum-like oscillations of the body with a fixed point relative
to the axis Oz in the frame rigidly attached to the body.

The integral V3 on IMs (20) is equal to zero identically that corresponds to
the case of orthogonal vectors =, E. The integral ¥ = (V4 — 1)V3 assumes a
stationary value on IMs (20).

Let us consider another similar solution for equations (13). It is the IM of
codimension 3:

W1 = Y3 = €3 = 0. (21)

This solution exists for ag = b3 = 0.
The differential equations on IM (21)

o bae; —biea +asy1 —a1y2
3 =
C+D ’
Y1 = Yow3, Y2 = —Y1W3, €1 = €2w3, €2 = —€1W3

describe the pendulum-like oscillations of the body relative to the axis Oz. The
motions exist under any angle between the vectors v, E, because the integral V3
on IM (21) takes the form: e;y; + esye = ¢1. So, it is the family of IMs.

6 On the Stability of Stationary Sets

In this Section, we investigate the stability of the above found solutions on the
base of the Lyapunov theorems on the stability of motion. To solve the prob-
lems, which often arise in the process of the analysis, the software package [7]
written in Mathematica language is applied. In particular, the package gives a
possibility to obtain the equations of the first approximation and their charac-
teristic polynomial, using the equations of motion and the solution under study
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as input data, and then, to conduct the analysis of the polynomial roots, bas-
ing on the criteria of asymptotic stability of linear systems. When the problem
of stability is solved by the Routh-Lyapunov method, the package, using the
solution under study and the first integrals of the problem as input data, con-
structs a quadratic form and the conditions of its sign-definiteness in the form of
the Sylvester inequalities. Their analysis is performed by means of Mathematica
built-in functions, e.g., Reduce, RegionPlot3D.

6.1 The Case of Absence of External Forces
Let us investigate the stability of one of IMs (12), e.g.,
w1 :Wf}:O, €1 —MN :07 62772:07 63773:03 ’712+’-Y%+7§:15

using the integral 2Ka, = 2X\gH — A1 (V1 + V2 —2V3) — 2\, F} —2)5 F for obtaining
its sufficient conditions.
We use the maps

w1 =0,ws=0,e; =%z, 69 =9, €3 ="y3, 71 = 2

on this IM. From now on, z = /1 — 73 — 3.

Introduce the deviations:

Y1 = Wi, Y2 =WwW3, Y3 =€1 — 2, Y4 = €2 — 72, Ys =€3 — 73, Yo =71 — 2.

The 2nd variation of the integral Ks, on the set defined by the first variations
of the conditional integrals

V1 =322y =0, 6Vo = 2(v2ys + y3ys £ 2y3) =0,
O0V3 = yoys +y3ys £ 2 (y3 +ys) =0,
is written as:

262K, = a1y} + a1ay1ye + Q22ys + Q33Y3 + Q34Y3Ya + Q24YaYa + Q13Y1Y3
+Q23Y2y3 + 14Y1Ys + 0144yi,

where
((A-B)¥B+B+D)Y1-3)X _  (B+D)yz)
o= 2 , Qg =
275 2
C+ D)7+ (B+D)73) A 2 1) A1z
oy = (CHDIBHBHD)No ( OB=Dh (o mehiz
273 273 p”
c+D B+ D 292\
a24:<( )724_( )73))\6¥(B—C)z)\5, a44:—%7
73 Y2 22
A—B)y; + B+ D)z
a13:$(( ) V3 )z " (44 D,
Y273

1
Qg3 = —77273 (B4 D)y3As F (C+ D) y22X6) + (B — C) 72X,

(B+ D)+ (A= B)73 F (B +D)v32X6) 1225) — (A — B) 13)s.

Qg = —
Y273
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The conditions of sign-definiteness of the quadratic form 62Ky,

A1:w>0, A2:A—§>o,
73 3
Az = vj; [((C'+ D)3 + (B + D)43) AoM + ((C + D)2 43 + ((B + D)?
—(B=C)?*43)73) (A3 +A8)] > 0
Ag = ;ﬁ((CH?)(B +D+(A-B)v3) +(A—C)(B+ D))

X[AX2 + (B+C +2D + (A~ B)vs + (A~ C)v3) oM (A2 4+ )2)
+((C+D)(B4+D 4+(A=B)42)+(A—=C)(B+D)42)(A2+22)?] > 0. (22)
are sufficient for the stability of the IM under study.

The differential equations 45 = 0, 43 = 0 on IMs (12) have the family of
solutions:

Y2 =79 = const, y3 = 75 = const. (23)

Thus, each of IMs (12) can be considered as a family of IMs, where ~9,~9
are the parameters of the family.

Let v = 48 and A5 = A\¢ = \;. Taking into consideration (23) and the above
constraints, inequalities (22) take the form:

(Y — 1) A1
’72
L((B+C +2D)A\o+2((B+ D)+ (C+D)*—(B—C)*2") A1) > 0

A2
> 0, —1 > 0,
73

/\2
’Yz
/\2

L((B+ D)(C + D)+ ((A—D)(B+C)+2(AD — BC))~Y)

04
2
x(A2+2(B+C+2D — (B+C —2A4)v)AoA1 + 4((B + D)(C + D)
+((A=D)(B+C)+2(AD — BC))43)A2) > 0.

With the help of the built-in function Reduce, we find the conditions of com-
patibility of the latter inequalities:

A>B>C>0and A<B+C,D >0and

K(Ao>0and (01<)\1 <02—%0r02+%<)\1<0) and

(-1<y§ \f \f<72<1))

1
()\0>Oand02+Z<)\1<Oand(——S’yg<00r0<fyg<—))}.
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Here
_ (B+ C +2D)Xo
2((B — C)249* — (B2 4 C2 +2BD +2D(C + D)))’
(B+C+2D—(B+C—24)49 )Xo
4(2BC + (B +C)D — A(B + C +2D))"9* — (B + D)(C + D))’
V(B —0)2 = 2B~ 08" + (B+C —24)298" A
(B+ D)(C + D)+ (A(B+ C +2D) — 2BC — (B + C)D)73*"

o3 =

The constraints on the parameter 73 give the sufficient conditions of stability
for the elements of the family of IMs. The constraints imposed on the parameters
Ao, A1 isolate a subfamily of the family of the integrals Ks,, which allows one to
obtain these sufficient conditions. The analysis of stability of the 2nd IM of IMs
(12) is done analogously.

Let us investigate the stability of IM (7), using the integral 2K; = 2\gH —
(W — Vg)2 — Ao [ Fy for obtaining sufficient conditions. The analysis is done
in the map w; = 0, wg = 0, 77 = —21, e1 = —29 on this IM. From now on,
21 =1/1—75 =72, 20 =/1—€3 — €3

In order to reduce the amount of computations we restrict our consideration
by the case when the following restrictions are imposed on the geometry of mass
of the mechanical system: A=3C/2, B=2C, D =C(C/2.

Introduce the deviations from the unperturbed solution:

Y1 = Wi, Y2 = w2, Y3 =71+ 21, Y4 = €1 + 22.
The 2nd variation of the integral K7 in the deviations on the set
Vi = 2z1y3 =0, 0Vo = —229y4 =0

has the form: 26°K1 = By} + Biay1yz + Pazy3, where (i1, 12, 22 are the
expressions of C, 72,73, €2, e3. These are bulky enough and presented entirely in
Appendix.

Taking into consideration that v, = 7§ = const, 43 = 7 = const, e; = €3 =

const, e3 = e = const (9) on IM (7), and introducing the restrictions on the

parameters 75 = 79, €3 = €3, we write the conditions of positive definiteness of

the quadratic form 262K (the Sylvester inequalities) as follows:
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Ay =2[4/1 26 (48 + ¢ (1 - 498))
—2e099(1 — 2e3 )1 /1 - 2997 ]2 +1 >0,

1
Ay == (398" + (6 - 3208") — 15— 16651 — 26391 - 208
€2

+2(268v8(1 —2¢9°)(15 — 143" — 169" (1 — 4e32))\/1 — 299 + \/1 — 269
(3¢9 (2¢9° — 5) — (1203 — 106¢9 + 15) 79
+8(3268" — 168" +1)78") )2 + (48' (15 — 34872

+4eg\/1 - 2e3273\/1 — 2797 (15—14€3” —16(1 — 43" ) 49")
x(3¢) (263 —5) — (12063 — 106€3 + 15)79 +8(32¢3 — 1663 +1)73)
+e07 (997 (5 — 2¢97)2 — 2(1504¢3” — 450863 + 3420¢3" — 675) 79
0° 0* 0? 0* 0° 0*
+4(8736e5 — 17264e5 +976le5 — 1785)v; — 32(3840e; — 5312e¢,
+2300ed" — 325)~9" — 4096(1 — 4e3°)2(1 — 2¢9) ygg))f) > 0. (24)
Here z = C)Ag, Ag = 1.
The system of inequalities (24) has been solved graphically. The built-in func-
tion RegionPlot3D is used. The region, in which the inequalities have common

values, is shown in Fig. 2 (dark region). Thus, when the values of the parameters
z,€9,79 lie in this region, the IM under study is stable.

6.2 The Case of the Presence of External Forces

In this Subsection, we analyze the stability of the elements of the families of
solutions (18). Let us investigate one of the first two families, e.g.,

2 22
_ _ _ 02 . _0 _\Vvay — <4z
wl—w3—07€1—_\/1_2€2a62—€3—€2a71—_7a ;
1

T2e=——)V3=—"0), (25)

where 2z = bye + bay/1 — 2682.

The integral

2(e94/a% =222+ /1 — 257 2) bz — bos/a2— 222 9
2¢1:_ 2 1 2 H—‘/l— 12 24/ a7 z ‘/2 20‘/3

2.0 2,0 -
ajes ajes aie;

is used for obtaining the sufficient conditions.
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0.0 eg

0.2

AXT AT

4

Y3

Fig. 2. The region of stability of the IM for 73 € [—%, %],eg € (0, %], z € (0,3]

In the deviations

02 0 0 a?—QZZ
y1=e1+ 1—2627y2=€2—62793=€3—62ay4=W1+7a )
1

z V4
Ys =72+ —, Y6 =3+ —, Y7 = W1, Ys = W2
aq aq

on the linear manifold

2
OH =byy1 + bz (y2 + y3) + a1y4=0, V3 2—5(2(95 +y6)+1/af —222 y4) =0,
§Vo = 2(e9 (y2 + y3) — V1= 2¢9’y1) =0,
1
§Vs = ed(ys +ys) — V31— 29"y, — ;(2(92 +ys) + 1/ a3 — 222 y1> =0
1

the 2nd variation of the integral ®; has the form: §2®; = Q, + Q, where
1

Q1= W((?)bgeg\/l—%f—bl(l —469)) 2+ by(1 — €)1 /a2 — 222
162
2.0),2 1 02 2_9.2 2 2
—aleQ) y1—|—a2602( 1—2eY (biz—bay/a3s—222)—y/ai—2z z) Y1Y2

1%2

1 1
—QT%O (bz\/a§—222—b1z)y§+7(eg\/a%—2z2—\/1—2682z) Y1Ys
163

2
aed

227
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2z 9
+70 Y2Y6 — Ys

B—|—O+2D
Q= — S Y ( 1—26822-1—62 a1—2z2) yg
162

(B+ D) \/1—262 .
+ (\/ —2e9* 2+ € a17222) Y7Ys

1
‘W(a%[meg? + B(1—268"))(y/1 - 268 2 + €9y fa? — 222)
a1€3
+D/1 =297 ((1 — 4e$) 2 + eg\/l — 2¢Y? \/cﬁ —222)]

—D[(1 =89 ) (139" \/1 — 268 + b3(1 — 269)2 + 3bybaed(1 — 2¢0) 2)

+ed(3 — 8eY )y /a2 — 222 22]> Y2,

The analysis of sign-definiteness of the quadratic forms )1 and ()2 was done
for the case when by = 0 and A = 3C/2, B = 2C, D = C/2. Under these
restrictions on the parameters, the conditions of negative definiteness of the
quadratic forms @1 and Q2 are respectively written as:

1
A= =120, 8y = = (balla(1 = 268) + eyt — 281 - 265))) >0,
aies
b
Ay = o (2b2e8 (a3(1—3e) — b2 (16€3 — 14e3 + 3))
ajes
+\/a% — 221 — 29 (a2ed + b3(16€3 — 103" + 1))) <0 (26)
and
2C )
A= —@(bz (1—2e5) + eg\/a% —2b3(1 — 26(2)2)) <0,
2
Ay = o (Bated” (5 268") — 803 (1 — 2 (3268" — 166 + 1)
aje 2

+a?b2 (15 — 43 (60e’ — 83e” + 34)) — 2b2€3 (1 — 2¢3°)

% (a2 (14e3" —15) + 1653 (8¢5 —6e3 +1)) \/d%*?b%(l*?(i%rz)) > 0. (27)
Taking into consideration the conditions for solutions (25) to be real

1 1 1
a; # 0 and (eg:iﬁ or(—ﬁ<eg<ﬁand—a1§b2§01>) (28)

under the above restrictions on the parameters by, A, B, D, inequalities (26) and
(27) are compatible when the following conditions
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V2

f@)) (29)

1
a1 #0, C >0 and ((bg<0702<eg§—) or
<

1
(b2>0,7 Seg

V2
hold.

- ai b
ere 01 =\ ————>-, O3 = {| 55
PV 2 —2¢8) P\ a2+ 202

The latter conditions are sufficient for the stability of the elements of the fam-
ily of solutions under study. Let us compare them with necessary ones which we
shall obtain, using the Lyapunov theorem on stability in linear approximation [9].

The equations of the 1st approximation in the case considered are written
as:

1
7 *26298_\/ 197, y2—62y7+\/ 198, Y3 = (62 >y7+\/ 198,

b 1
b= 2 G or -2, = (e~ ).

. 1 /+v/a? —2b%z (e —\/z
y():*( 1 21(02y8 \/Ty7)+b2\/ay7)’

Cl1 €9

U7 = 5 (16a1b262 (y3 — y2) + 2a3ed\/z1 (5arys — 2bayr — 3a1y6))

. 1

Ug = = (2a§[b2 (4632 —5)y1 + barys + a1632 (3ys — Tys)]
+10a3b2¢ /71 (y3 — y2) + 26321 (4¢3 — 1)(ar (45 + yis) — 2bay)

—dbyelzi /a2 — 26221 (ar (ys + y6) — szyl)). (30)

Here 2; = 1-2¢0", 25 = C(3a2(263 —5)—8byz1 (by (46 —1)—2e9\/al? — 2b221)).
The characteristic equation of system (30) has the form:

MO+ A +az) =0, (31)
where

4C
@ =—5 <a162 [2by (25162 - 12262 —137) + 3(1062 - 3362 + 20)
2

Va2 — 2b32) + 86322 [(64ed" —24€Y + 1)1 /a2 — 2022, —2be? (6463 —40ed’
+5)] — a2b22 [(432¢8" — 518eY” + 47)1/a? — 20321 — 2byed (560e]" — 706e3”
+173))),
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1
ar= ((Sa‘fbg (24062 — 408¢3" + 206€9" — 19) + 1248 (4e3” (eJ° — 3)
2

+5) — 64a2b3 (6463 — 80eY" + 24eJ" — 1) 21) — 8a2baely /a2 — 2022

x(a2(56€3 — 11063 + 53) — 8b2 (323" — 32¢9” + 5) 21)).

The roots of the bipolynomial in the round brackets are purely imaginary
when the conditions

a1>0,a2>0,a%—4a2>0

hold.
Taking into consideration (28), the latter inequalities are hold under the
following constraints imposed on the parameters C, a1, ba, eg:

3a1 3a1
V2t e

1 3 1
SeSS—) <52 ax nd§§€2<*)0r(bgzgand

V2

——<e <—)or(ﬂ<b < 0 and <eo<i))}or
2 2—\/§ \/i 2 P2 2—\/§

a1 1
C>0and{a >0and((0<b < —and - —=<el<— )or
1 2 \/§ \/i 2 P2

C > 0 and [a1<0and(((b2< <b2<

aq 3aq 3a1 1 0 P1
— <by<—=orb >—>and——§e g——)or
(<¢§ T2 TR 2 =27 2
ay 0 pl) ( . 3@1
b — and — — < ——1]or (b —— and
(2 V2 V2T T2 REG)
1 P1
_3<£§_5D} (32)
2b2—a a? + b2 — /b2 (2a2 + 5b3)
H — 1 1 1 )
ere p1 \/ 242 1 402

The analysis of zero roots of characteristic Eq. (31) was done by the technique
applied in [10]. The analysis shown that the characteristic equation has zero roots
with simple elementary divisors. Whence it follows, the elements of the family
of solutions under study are stable in linear approximation when conditions
(32) hold. Comparing them with (29), we conclude that the sufficient conditions
are close to necessary ones. The analogous result has been obtained for the 2nd
family of solutions. Instability was proved for the rest of the families of solutions.

7 Conclusion

The qualitative analysis of the differential equations describing the motion of
the nonholonomic mechanical system has been done. The solutions of these
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equations, which correspond to the equilibria and pendulum-like motions of the
mechanical system, have been found. The Lyapunov stability of the solutions
has been investigated. In some cases, the obtained sufficient conditions were
compared with necessary ones. The analysis was done nearly entirely in sym-
bolic form. Computational difficulties were in the main caused by the problem of
bulky expressions: the differential equations are rather bulky, and the first inte-
grals of these equations are the polynomials of the 2nd-5th degrees. Computer
algebra system Mathematica was applied to solve computational problems. The
results presented in this work show the efficiency of the approach used for the
analysis of the problem as well as computational tools.

Appendix

Buu = (463) 7O [ (€3 = D(3E = 5) = 3(1 = 7 + 21) + 2eam22122) Ao
+C [(5€372 (373 — 21) + e2€37s (4373 + 2073 — 25) + eays (€5 — 5)
X(5 =373 — 73 + €5 (47 + 73 — 2)) + e2e373(50 — 5875 — 2573
+e3 (5975 + 1773 — 27)) + esv2 (€5(65 — 3775 — 4693) + 5(73 + 373 — 5)
+e3 (3673 + 2373 — 28)) + €372 (e3(3773 + 5573 — 33) —5(293 + 773 — 6))) =1
+(e3727y3 (4(1 —43) — 372) 4 32y (2173 + 1672 — 25 + €3 (53 — 573
—4573)) — 57y2y3 (€3 — 1)(5 — 73 — 73 + €3(373 + 473 — 3)) — e3es (10 + 3673
—1873 + 775 + 73 (4173 — 46)) + e2e3 (25 — 6073 + 1973 + (4475 — 45)73
+15v5 — €3 (10 — 2995 + 1975 + (5375 — 35)73 + 2073))) 22] /\2],

Ba2 = (4e3)"' C [(363 + 5e3 — (e3v2 — €273)?) Ao + C [(3e373 (495 + 75 — 1)
+edesyz (15 — 1275 +1993) — 5e3y2 (5— 73 — 375 + €3 (73 + 473 — 1))
+esesy2 (973 — 1373 — 21 4 €3 (24 — 1993 4 573)) + eaedys (54 1175 — 1543
+e3 (15 — 2173 4 2073)) + €373 (3(3 — 373 —73) + €3 (8 — 373 +2113))) =1
+(3e37273 (3 — 473 — 373) + €372y (€3(973 — 1573 — 14) + 3 (73 +73 — 3))
+5e37273 (5 — 75 — 73 + €3 (373 + 493 — 3)) + edes(6 + 1293 + 573 — 11v3
—75 (21 + 1373)) + e2e3(573 (73 — 3) + 73 (15 + 273) — 373 + €3 (1375
+93 (1193 = 23) = 5 (33 + 443 — 2)))) z2] e

Bz = (4€2)"1C [2 (e2 (e2v3 — e372) 21 + (e3 (73 — 5) — e27273) 22) Ao
+C [2e3e37273 (1493 + 973 — 15) 4 10e372y3 (€3 — 1)(5 — 73 — 73
+e3 (373 + 473 — 3)) + 263 3+ 1272 + 93 (73 —4) +73(1193 — 15))
+2e5e3v2ys (29 — 2073 — 793 + €3 (3975 + 2393 — 40)) + €3 (73 (10 + 343)
—24~5 — 15 + 42 (51 — 1343) + €3 (6275 + 293 (273 — 19) + 273 (3173 — 46)
+26)) + €2 (373 (73 — 5) + (15 — 295)73 — 575 + 4e3 (813 — 5)(75 + 273 — 1)
+€3 (v5(98 — 5373) + 5(73 (273 + 7) — 7) — 3572)) + 2(2e3e3ys (775 + 73 — 4)
+e372 (1275 + 575 — 9) + ezesys (10 — 1373 + 4e3(8v3 — 5) + 573)
+5€372 (5 — 75 — 373 + €3 (75 + 473 — 1)) + €372 (15 — 693 + 273

+e3 (2573 + 1373 — 26))) 21 22] /\2].
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