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Control of body motion in an ideal fluid using the internal
mass and the rotor in the presence of circulation around

the body
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Abstract. In this paper we study the controlled motion of an arbitrary two-dimensional body in
an ideal fluid with a moving internal mass and an internal rotor in the presence of constant circulation
around the body. We show that by changing the position of the internal mass and by rotating the rotor,
the body can be made to move to a given point, and discuss the influence of nonzero circulation on the
motion control. We have found that in the presence of circulation around the body the system cannot
be completely stabilized at an arbitrary point of space, but fairly simple controls can be constructed
to ensure that the body moves near the given point.
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1 Introduction

The problem of the motion of a rigid body in an ideal fluid is a classical problem of hydro-
dynamics and has been studied for a long time. Many significant results were obtained within
the model of an ideal fluid by Kirchhoff [19], Lamb [22], Chaplygin [10], and Steklov [29]. For
a modern qualitative analysis of the motion of a rigid body in an ideal fluid, see [9] [8, B31].
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From a practical point of view, it is interesting to study the problem of controllable motion of a
rigid body in a fluid. Viscosity is of significant importance for producing traction force [11], 33],
but some interesting control methods can be explained using ideal fluid theory. For instance, a
theoretical proof of the propulsion of a body by moving the internal masses is given in [21]. The
results of [21] are extended in [I8, 20]. Another method of moving the body involves changing
the gyrostatic momentum using the rotation of internal rotors. The application of rotors for
the stabilization of motion of an underwater vehicle is examined in [34]. Issues of the stability
of equilibria of a neutral buoyancy underwater vehicle are considered in [23 24]. Results of
advanced investigations of the control of nonholonomic systems by means of internal rotors are
presented in [5] 6, [7, 16, 30].

When the body’s motion in an ideal fluid is examined, nonzero circulation of the velocity of a
fluid around the body is sometimes assumed. Such a problem statement goes back to Zhukovskii
and Chaplygin and explains the lift force acting on the wing. The nonzero circulation results
in the appearance of gyroscopic forces acting on the body [9], which change the dynamics of
the system significantly. The controlled motion using an internal rotor changing the proper
gyrostatic momentum of the system and using a Flettner rotor changing the circulation around
the body is considered in [26]. In [32], analysis of the free motion of a hydrodynamically asym-
metric body in an ideal fluid in the presence of circulation is performed and the controllability
of the motion by changing the position of the center of mass of the system is proved.

An essential part of the investigation of the controlled motion is the proof of the possibility
of control. In [0, 21| 25 B2] the Rashevskii-Chow theorem is used to prove controllability [I].
In the original form this theorem applies only to driftless systems. In cases where the system
is subject to drift, a modification of the Rashevskii-Chow theorem is used for the proof of
controllability [3]. In addition to the requirements of the initial theorem, the requirements of
the modification involve proving the Poisson stability of drift. This modification was applied,
for example, in [15].

The investigation of controlled motion leads to the operation speed problem. For example,
it is of interest to construct time-optimal controls [13] [14]. For various aspects of control theory,
see [11, [17].

This paper is an extension of [32], but in contrast to the previous paper, we are concerned
with a combined control scheme which uses the motion of the internal mass and rotation of
the internal rotor. In Section 2, equations of motion and their first integrals are presented. In
Section 3 the controllability is proved. It is shown that although controllability can be achieved
by using the rotor alone, it is not constructive since it depends considerably on the drift. Note
that in this case nonzero circulation facilitates controllability. Therefore, we have proved the
controllability by means of the internal mass and the internal rotor in the following cases: the
internal mass moves in a circle (cam), and the internal mass moves in a straight line (slider).
These motion patterns have been selected because of ease of technical implementation. In
Section 4, we show a negative influence of circulation, which leads to the necessity of applying
controls to stabilize the body at the end point of the trajectory. In the previous paper [32] we
have shown that the internal mass needs to be moved uniformly in a straight line to ensure that
the body is stabilized at a given point. Since the motion of the internal mass is bounded by
the body’s boundary, this method of stabilization is not reasonable. In view of the above, it is
proposed to ensure, by using controls, zero translational velocity of the body with its angular
velocity being nonzero. The necessary calculations are presented in Appendices A and B.

2 The mathematical model

Consider the two-dimensional problem of motion in an infinite volume of an ideal incom-
pressible fluid of a hydrodynamically asymmetric body with mass M and central moment of



inertia I (see Fig. [).

0]

Figure 1: Body with an internal mass and an internal rotor

The body carries a particle of mass m and a rotor with mass m, and central moment
of inertia I,.. The motion of the particle is limited by the shell, but the particle follows an
arbitrary smooth trajectory p = (£(t), n(t)). The rotor has the shape of a circular cylinder,
is homogeneous, rotates with angular velocity (t); its axis of rotation is perpendicular to the
plane of motion of the body and passes through the center of mass of the rotor. We assume that
there is a nonzero and constant (by the Lagrange theorem) circulation I' of the fluid velocity
around the body.

To describe the motion of the system, we introduce two Cartesian coordinate systems: a
fixed one, Ozy, and a moving one, O1£n, attached to the body (see Fig. [l). Point O; coincides
with the position of the center of mass of the body-rotor system. The position of the body in
absolute space is characterized by the radius vector » = (z, y) and the angle of rotation a of
the moving coordinate system relative to the fixed coordinate system. Thus, the configuration
space of the system is H = R? x S', and the pair (r, ) completely specifies the position and
orientation of the body.

Let v = (v, vy) denote the absolute velocity of point O; of the body referred to the axes
of the moving coordinate system and w the angular velocity of the body. Then the following
kinematic relations hold:

cosa —sina 0
g=Qw, Q= |sina cosa 0 (1)
0 0 1

where ¢ = (z, y, ) is the vector of generalized coordinates and w = (v, v, w) is the vector
of quasi-velocities.

We specify the position of the body’s center of mass (point O,) by the radius vector (&, )
and the position of the rotor’s center of mass (point O,) by the radius vector (&, 7). In the
chosen coordinate system the coordinates of points O, and O, are related by

M& +mp& =0, Mn,+mn, =0.

The expressions for the kinetic energy of the body 7;, the internal mass 7;,, the internal rotor



T, and the fluid 7 have the form

1 1

T, = §M (01 — mw)® + (v2 + &w)?) + QIWQ,
1 )

T = 5m (01 +€ = mw)? + (02 + 1)+ &)%) |

1 1
T, = §mr (('Ul - nrw)Q + ('UQ + grw)Q) + 5]7,(00 + Q)Qa

1 1 1
Tf = 5)\17)% + 5)\2’03 + 5)\6w2,

where A\; and A\, are the added masses (A1 # A2), Ag is the added moment of inertia, and £(t),
n(t), (t) are known functions of time which play the role of controls in the system considered.
With our choice of the origin of the moving coordinate system, the kinetic energy of the entire
system is defined, up to the known functions of time, by the following expression:

T = (Aw, w) + (u, w), &)
ap 0 f mé
A= 0 az g\, u = m77 ’

ar=M+m4+m,+ X\, ay=M+m-—+m,+ X\,
b= M(& + ;) + T +m(& +1°) +me (& +n) + I+ Xs,  f=—mn, g=mé

The equations of motion of the system incorporating forces due to circulation around the
body have the form

d <8T) :wa—T—)\vg—Qw,

dt \ du, vy

d (0T oT

S =) = o2

dt (8’02) w@vl +An +XW, (3)

dt \ow /)~ ou Yo, 17 X2,

where A = pl', ( = pl'u, x = pl'v, and pu, v are the coefficients associated with the hydrody-
namical asymmetry of the body [10].
Equations (3]) can be written in the form of Poincaré equations on the group F(2)

4 6_L = wa—L +Cosaa—L + sinaa—L
dt 61)1 n 8’02 8x 8’3/’
d(OL oL oL o "
At w@vl sinao— cosaay,
da(ony _ oL oL oL
dt \ow ) 281)1 18v2 da
with Lagrangian
1
L= 5 (Aw, w) + (¢, w) + (u, w), (5)
—2(zsina — ycos a)
c= —2(zcosa+ ysina)

—x(zsina —ycosa) — ((zcosa + ysin «)



Equations ([l), (@) form a closed system of six equations
d : )
%mlvl + fw+m&) = w(agvy + gw + mn) — Avy — (w,

d ) .
E(aﬂ@ + gw +mn) = —w(avy + fw + m&) + \vy + xw,

d o
S (for+ gua + b+ (€0 — né) + 1.9) = )
= vo(ayv1 + fw + mf) — v1(agve + gw + mn) + (v; — X2,
dx dy dao

— = V1 COS Q. — Vg SiN x =wvisina+vycosa, — =w

dt dt

in the variables vy, v2, w, x, y, @ and completely describe the motion of the system considered.
For the case of a freely moving system, i.e., for £ =7 = 0, Q = 0, equations () admit the

first integrals [10} 9]
oL oL ot A
e =|=——x]cosa— | =——C]sina+ -y,
P 61)1 8’02 2y

= O_L_ sin o + O_L_ Cosa—éx (7)
Py = 8’01 8’02 2 ’
oL )\
K =apy —ype + 5=+ 5" +¢) —cs.

These integrals are generalized to the case of controlled motion and can be written in explicit
form as follows:

P = (a1v1 + fw +uy — x) cos @ — (agve + gw + us — ) sina + Ay,
py = (a1v1 + fw +uy — x)sina + (agv2 + gw + ug — () cosa — Az, (8)

A
K:fvl+902+bw+us+§($2+?/2)+$,’0y—ypm-

The integrals p,, p,, K have the meaning of the linear and angular momentum components
of the body + control elements + fluid system and are a generalization of the integrals for a
system with moving internal masses [21].
Note that (B) contains only the derivative © (and not the angular velocity € itself), hence,
the rotor rotating with constant angular velocity does not influence the dynamics of the system.
+

3 Controllability

To prove the controllability of motion on the fixed level set of first integrals, we shall use
a modification of the Rashevskii-Chow theorem [II, 12, 27] for systems with drif] [3]. This
theorem requires, in addition to completeness of the linear span of the vector fields and their
commutators, that there exists everywhere a dense set of Poisson stable points for the free
motion (drift) in the phase space of the system.

The issue of Poisson stability of drift is considered in our previous paper [32]. In particular,
it was shown that on the common level set of the integrals p, and p, the velocities vy, vo, and
w are related to the coordinates x and y by

(arv1 + fw — x)* + (@202 + gw — €)* = (ps — Ay)* + (py + Az)? (9)

IThe term drift is used to mean nonzero motion of the system with control disabled.



It is clear from (@) that the free motion is bounded by a circular region whose size and position
depend on the level of the kinetic energy of the system T', the level sets of the integrals p,
and p,, the body geometry and circulation. In addition, the system of equations (Il) and (&)
is integrable; hence, by the Poincaré recurrence theorem [2], the free motion of the system is
Poisson stable. Therefore, in what follows we shall investigate only the issue of completeness
of the linear span of the vector fields and their commutators.

In [32] the controllability of motion by means of an internal mass capable of moving arbi-
trarily inside the body is proved. Therefore, an analogous system to which an internal rotor is
added is controllable as well. In this section we prove controllability for two particular cases in
which the following restrictions are imposed on possible motions of the internal mass:

1. The internal mass is fixed.

2. The internal mass moves along a given curve.

3.1 The case of a fixed internal mass

Let us examine the controllability of the system’s motion only by changing the rotation of
the rotor. In this case, £ = 77 = 0, and the equations of motion (4]) and the first integrals (8]
are

d
pr (a1v1 + fw) = w(agve + gw) — Avg — (w,

d
it (agvs + gw) = —w(ar1v1 + fw) + Avg + xw, (10)

% (fvr + gva + bw + Q) = va(ar1v1 + fw) — vi(azvs + gw) + (v — Xv2
and
P = (@101 + fw — x) cosa — (agve + gw — () sina + Ay,
py = (a1v1 + fw — x)sina + (agve + gw — () cosa — Az, (11)
K = fui+ gus + bw + L,Q + %(xQ +y%) + 2py — Ypa-
From the integrals p,, p,, and K we express the velocities

Tcosa+ysina + x
w=A""| —Fsina+ycosa+( |, (12)
F—#@+79) - LO

2K\ +p? +p2

where T = p, — Ay, § = p, + Az, F' = . Substituting (I2)) into the kinematic

relations (Il), we obtain the equations of motion for the body on the fixed level set of the
integrals p,, p,, K in a standard form linear in the controls

q="Vo(q) + V14, (13)

1 T
Violg) =S (Tcosoz +ysina+y, —Tsina+7ycosa+(, F — ﬁ(fz + @2)> ,
Vi=8(0,0, -,)", S=QA™"
Here the angular velocity of rotation of the rotor €2 is considered as control, the vector field V

corresponds to the free motion (drift), and the vector field V'; is related to the control action.
Consider the vector fields

V07 V17 V2 - [V07 Vl] ) V3 = [V27 Vl] ) (]‘4)



where [-, -] is the Lie bracket. The rank of the linear span of the vector fields Vo, V1, V3 is
equal to three everywhere except on the surface given by

2(a5 — a7) (7> — ¥°) sina cos a — TY(cos” a — sin” a)) + (15)
+a1(2a; — az)((gsina + T cosa) + az(2ay — ar)x(Tsina — yeosa) = 0.

In a similar way, the rank of the linear span of the vector fields V1, V5, V3 is equal to three
everywhere except on the surface given by

aiC® + a3y’ + 2(a1 — a2)* (T + ¥)+

16
+3a1(ag — a1)((Tsina — yeos ) + 3az(az — ar)x(ysina + T cosa) = 0. (16)

Remark 3.1. The expressions ([I5) and (L6]) hold in the case where the moving coordinate
system is chosen such that the matriz A takes the diagonal form A = diag (aq, as, b).

It is easy to show that the surfaces (3] and (I6) intersect along the curves

T=(m +m)sina+ (7 — 7)cosa,

y=—(m+m)cosa+ (1 —7)sina,
where 7 and 7y are the solution of the system of equations

(8lag — ay|m + 3(a1C + GQX))2 + (8lag — a1|m + 3(a:¢ — GQX))2 -2 (G%CQ + GSXQ) =0,
(7_1 n az(2as — ar)x + a1 (2a, — az)C)Q _ (7_2 _ as(2ay — ar)x — ai(2a; — a2)§)2 _
(18)

8(a3 — af) 8(a3 — af)

_4a1a2(2a2 — al)(2a1 - GZ)XQ

=0.
16(a3 — af)

Thus, in the configuration space H the dimension of the linear span of the vector fields (I4)) is
equal to three everywhere except along the curves (I7). Since the above curves are the surfaces
of codimension two, the following theorem holds.

Theorem 3.1. An arbitrary body moving in a fluid (in the presence of circulation around the
body) with a given initial velocity can be moved by an appropriate rotation of the internal rotor
from any initial position to any end position.

We note that the controllability proved in Theorem B.1] is formal. Indeed, to construct
control, the Rashevskii-Chow theorem uses the motion along the vector fields in both forward
and backward time. When there is a drift, the motion along it is possible only in forward
time. The motion in backward time is implemented by using the recurrence property of the
trajectories. However, the calculation of the recurrence period in specific systems can be a
fairly complicated problem (which can even defy a solution, for example, in the case of chaotic
systems with measure), and the period itself can be very large or even tend to infinity. Thus,
an appropriate construction of such controls is impossible.

For the chosen control method the presence of circulation is a necessary condition for con-
trollability. Indeed, it is easy to show that for I' = 0 the system (I3]) becomes uncontrollable
in the sense of Rashevskii-Chow. On the other hand, it follows from (I3]) that the drift caused
by circulation cannot be completely compensated for by rotating the rotor. Therefore, in what
follows we consider a combined model of controlling by both the rotor and the moving internal
mass.



3.2 The case of motion of the internal mass along a given curve

We shall assume that the internal mass can move only along some curve p = (£(s),n(s)),
where s is a parameter of the curve. From the integrals (8) we express the velocities

fcosoz—irysinthx—m%é

w=A"| -Tsina+gcosa+(-—mils |. (19)
F— 71_2;;?2 —m( % — n%)é — 1,9

Substituting (I9) into the kinematic relations (Il), we obtain the equations of motion for the
body on the fixed level set of the integrals (§). These equations depend on both the position
s of the mass on the curve and its velocity s. Applying the standard method for phase space
extension (Goh transformation [4]), we obtain the equations of motion in the form linear in the
controls

z2=Vy(z)+Vi(s)s + Vo, (20)
2+ \'
Vo(z):R(fcosoz—i-ysinomtx,—fsinomtycosomtc,F— ) ,O),
_ € dy e dn\ ' _ r
Vl(s)—R< m— mds’m(nds T 1), Voe=R(0,0,—-1.,0),
_[(QATt 0
no ()

Here z = (x, y, , s)T is the vector in the expanded phase space G. Note that not the coordi-
nates of the internal mass, but its velocity of motion along the curve § and the angular velocity
of the rotor €2 are taken as controls. The vector field V' corresponds to the drift, and the
vector fields V1, V5 are associated with the control actions. We consider the vector fields

Vi, Vy, V3=[V,Vy, Vy,=[Vy, V3], V5=[V, V3], Ve=[V, V4] (21)

and show the completeness of their linear span. Here we deliberately do not consider the field
Vy, since in the case of completeness of the linear span of the vector fields (2I]) we also prove
the controllability of motion for the case of zero circulation.

Consider separately two cases where the internal mass can move either along a straight line
or along a circle. The choice of these curves is motivated by their simplicity.

1. We parameterize the reciprocating motion of the internal mass along the straight line as
follows:

£ =kysins, n=kysins, (22)

where kq, ko are constants that do not vanish simultaneously. In this case, the vector fields V',
V5, V3, V5 are dependent for

s =m/2 and s = 37w/2. (23)

On the surfaces given by (23), the condition of linear dependence of the vector fields V1, Vi,
V4, V6 is

Asina+ Bceosa =0, (24)

where A and B are the coefficients of rather complicated form which depend only on the system
parameters. Thus, the rank of the linear span of the vector fields (2] is four everywhere in the
phase space G except on the surface of codimension two, defined by (23) and (24]). Hence, the
following theorem holds.



Theorem 3.2. An arbitrary body moving in a fluid (regardless of the presence of circulation
around the body) with a given initial velocity can be moved by means of reciprocating motions
of the internal mass and by rotating the internal rotor from any initial position to any final
position with any initial and final positions of the internal mass.

2. We parameterize the motion of the internal mass in a circle as follows:
£=r,co88, n=rysins, 1r,>0. (25)

It is easy to show that in this case the vector fields V1, V5, V3, V5 are independent in the
entire space G. Hence, the following theorem holds.

Theorem 3.3. An arbitrary body moving in a fluid (regardless of the presence of circulation
around the body) with a given initial velocity can be moved by means of the motion of the
internal mass in a circle and by rotating the internal rotor from any initial position to any final
position with any initial and final positions of the internal mass.

4 Stabilization of the body at a given point

4.1 Equations for controls

Consider the stabilization of the body at a given point. Without loss of generality we assume
that the system has started its motion from the origin of coordinates z(0) = y(0) = 0 with the
initial orientation a(0) = 0, the rotor and the movable mass being at rest. In this case the
motion of the system occurs on the level set of the integrals

X +¢
2\

Pe ==X, DPy= _C7 K= 0, F (26)

Suppose that over some interval the body moved under the control action and came at
time ¢t = T to the point (x, y) with orientation a. Let us formulate the problem of the body
stabilization at this point as follows:

Can one choose limited control actions &(t), n(t) and Q(t) at t = T such that the body will
stay arbitrarily long at point (x, y) (possibly rotating about a fixed point).

If a stabilization occurs without rotation (& = 0), we shall call it a complete stabilization,
while a stabilization occurs with rotation about a fixed point (& # 0) will be called a partial
stabilization. We impose the condition of limitation of control actions taking into account
the possibility of their technical realization. In particular, the position of the moving mass is
restricted by the boundary of the body, and the velocity of its motion and the rotor’s rotation
are restricted by the capabilities of the motors.

Since the controlled motion is described by the system of differential equations (20) in the
expanded space, this problem may be viewed as a particular case of the problem of controlling
a part of variables. Therefore, the solution of this problem reduces not to the solution of some
system of algebraic equations, but to analysis of differential equations governing the evolution
of control actions &(t), n(t), €2(t) and the remaining ”free” variable a(t).

To define these equations, we substitute the equalities £ = y = 0 into the first three
equations of the system (20). As a result, we obtain the system of differential equations in £(t),
n(t), a(t) which contains an unknown function ()

d £ Tcosa +ysina + x 0 m 0 —mn
D% n|=|[-Zsina+ycosa+¢| - 0 |, D= 0 m  m§ |. (27)
o X;\C s O —mn mé b



We recall that Z = p, — Ay, ¥ = p, + Az. Making the change of variables

gzpcos(¢—¢), n:psin(ap—ﬁ), ’QZ):(I+Q0—¢+E,

x
1) = arctan =, @ = arctan X,
Y

¢

we can represent equations (27)) as

mp@/} = rcos + o cos g,
mp = rsiny + o sin @, (28)
(mp? + b)) = b = Cay — L,

where we have used the notation

2 2

r=VEAT, o=V T3 =0

)
b=b—mp® =M +n2)+T+m(E2+n2)+ 1+ .

The system (28] contains three equations and four unknown functions p, ¥, ¢, 2 and cannot
be uniquely solved without using additional conditions. In what follows we consider several
particular variations of the problem in which an answer to the question raised can be found.

4.2 Complete stabilization of the body

In the case of complete stabilization of the body we assume that the conditions # = ¢ = 0,
& = 0 are satisfied at t > T'. In this case, the following proposition holds.

Proposition 4.1. A complete stabilization of the body during an infinite interval of time is
possible if and only if the center of the body (point Oy in Fig. ) is on the circle

/2 1 2 /2 1 2
x:§+xf+ccosﬁ, y:—§+xf+csmej 0 €0, 2m) (29)

and its orientation is given by

¢
=0 — arctan = — —. 30
a arcanX 5 (30)

The corresponding controls are equal to zero, i.e., the moving mass and the rotor are at rest.
Proof. Necessity. Setting & = 0 in (27)), we obtain the equations for the control actions

mé =T cosa + Fsina + y,

mn = —xsina +ycosa+ (, (31)

2 2 =2 2
. X“+¢ T°47y

Since the right-hand sides of the first two equations (31]) are constant and in the general case
are not equal to zero, £ and n are linear functions of time. Hence, at a certain instant of
time the internal mass will reach the boundary of the body and will have to stop. Thus, a
stabilization during an infinite interval of time is possible only if the right-hand sides of the
first two equations of (B1]) are equal to zero. Setting the right-hand sides of (31]) to zero and
expressing x and y from them, we obtain the equations for the circle (29) and the relation of
the body’s orientation to a point on the circle (30).

10



By substituting the resulting coordinates of the points of stabilization into the third equation
of (31, it is easy to check that all controls are equal to zero in this case.

Sufficiency. Substituting (29) and (30) into the integrals (§), we obtain a system of
equations of the form

Aw+u = 0. (32)

The nondegeneracy of the matrix A implies that when there are no controls (uw = 0) and the
body is at the points (29) with orientation (30), the body is at rest (w = 0). O

Remark 4.1. For a complete stabilization of the body on the circle [29) the position of the
internal mass s inessential.

Since a complete stabilization at an arbitrary point is possible only during a finite interval of
time, we consider the partial stabilization, i.e., £ = ¢y = 0, & # 0, by using (28)). In particular,
we consider separately two cases in which additional restrictions (see Section 3) are imposed
on the motion of the internal mass:

1. partial stabilization by rotating the rotor and by moving the internal mass in a circle
(p = const ).

2. partial stabilization by rotating the rotor and by moving the internal mass along a straight
line fixed in the body (¢ = const ).

4.3 Partial stabilization at p = const

Consider the partial stabilization in the case where the internal mass can move only in the
circle of a given radius. For p = p = const, equations (28) take the form

mﬁzﬁ = rcos1 + o cos g,
rsiny 4+ osing =0, (33)
(mp* + b)) — b = Cyy — L.
The first two equations of ([B3) form a closed system whose solution can yield the functions

©(t) and ¥ (t). Then, using the known functions ¢(¢) and 1 (t) from the third equation of (33)),
we can express the dependence €)(t)

Q:l(ny—i_(Tcos¢+0COSS0) (mﬁ%hl‘ymow)). (34)
mp

I, 0 CoS @

Remark 4.2. At the initial instant of time the functions ¢ and b must satisfy the second
equation of [B3). This condition can be fulfilled by choosing the initial position of the internal
mass. The possibility of choosing this initial position is ensured by Theorem [3.3, from which
it follows that we can bring the body to the end point with an arbitrary position of the moving
mass.

The solution of the system of equations (B3] depends on the relationship between the param-
eters r and o. By a direct substitution it is easy to show that the condition r = ¢ corresponds
to the points of the circle ([29). This circle divides the plane (z, y) into two regions (see Fig.
), in which the solution of the system (B3] is different. Moreover, in what follows we shall
prove that the following proposition holds.

Proposition 4.2. A partial stabilization during an infinite interval of time by rotating the rotor
and by moving the internal mass in a circle is possible only inside and on the circle r = o (see

Fig. @)
The proof of Proposition is given in Appendix .

11



Figure 2: Regions of various solutions

4.4 Partial stabilization for ¢ = const

Consider a partial stabilization in the case where the internal mass can move only along a
straight line fixed in the body. The controllability in this case was proved in Theorem [3.21 In
the first two equations of ([28) we set ¢ = o = const. Then they take the form

mp = rcos 1 + o cos @, (35)
mp = rsiny + o sin @y,

Solving the system (31]), we can obtain the functions ¢(t), p(t). Then, using the known functions
©(t) and p(t) from the third equation of (28), we can express the velocity of rotation of the
rotor

2

1 b
Qt) = T (C’xy - %(T cos Y + o cos cpo)) : (36)

Analysis of equations (B8) and (B6]) shows that the following proposition holds.

Proposition 4.3. A partial stabilization during an infinite interval of time by rotating the rotor
and by means of reciprocating motions of the internal mass in a circle is possible only inside
and on the circle r = o (see Fig. [3)

The proof of Proposition [4.3]is given in Appendix B.

5 Conclusion

The investigation has shown that the motion of a hydrodynamically asymmetric body in
an ideal fluid in the presence of circulation around the body is completely controllable (in the
sense of the Rashevskii-Chow theorem) by changing the position of the center of mass (the
motion of the internal mass is a motion in a circle or a reciprocating motion) and the angular
momentum of the system. Moreover, an arbitrary motion of the system can be performed only
by means of an appropriate rotation of the internal rotor.

We have also considered the possibility of compensation of drift by means of control. In
particular, it was shown that by means of circular or reciprocating motion of the internal mass
and by rotating the rotor the drift can be compensated for during an infinite interval of time if
the body is inside some circular region. The center and the radius of this region are defined by
the body geometry and by the amount of circulation of the velocity around the body. Outside

12



this region, the drift can be compensated for using the above-mentioned patterns of motion of
the internal mass only during a finite interval of time.
We list a number of open problems that must be solved to design real devices:

1. Construction of sufficiently simple and feasible patterns of motion of the internal mass
to ensure a complete stabilization of the body at an arbitrary point of space during an
infinite interval of time.

2. Construction of explicit control to ensure the motion from one point of space to another.

3. Motion control by variable circulation. For the case where circulation is a piecewise
constant function of time, this problem has been solved in [26]. In this case, preservation
of first integrals of motion was used on the intervals of constant circulation. Of great
interest is a more general problem, namely, that of constructing controls by changing
circulation according to a smooth law, when the system admits no first integrals of motion.

The authors thank A.V.Borisov and [.S.Mamaev for fruitful discussions.
The work of E.V. Vetchanin was supported by the RFBR grant 15-08-09093-a. The work
of A.A. Kilin was supported by the RFBR grant 14-01-00395-a.

6 Appendix A. Proof of Proposition 4.2

Proof. We break up the proof into three stages.
1. For r < o the second equation of (B3] has two nonintersecting solutions

. L LT . T T
— arcsim <— sin w) € [— arcsin —, arcsin —] C [——, —}
o o o 272

(T T LT
m 4 arcsin ( —sinvy ) € |7 — arcsin —, m 4 arcsin — | C
o o o

Y= E 3 (37)

2’ 9

where ¢ € [—m, 7]. The realization of a specific branch of the solution (87) depends on the
initial value of ¢, which is determined by the position of the internal mass at the instant of
arrival at the point (x, y). Moreover, according to Theorem B3 of complete controllability
proved above, one can ensure, using appropriate controls, the realization of the required branch

of the solution (B7) at the initial instant of time.

r r
Consider the branch ¢ € [— arcsin —, arcsin —] Then cosp > 0, and the first equation of
a o

([33), using the second equation, takes the form

2
mﬁ¢:rcosw+a\/1—r—2sin2@/), (38)
o

Equation (38)) has the following solution:

0'2—’/‘2

E (w, g) _E (wo, g) . g(sinz/z ~sinty) = t, (39)

mpo

where (1&, Z) is the normal elliptic Legendre integral of the second kind. The right-hand side
o

of (B8] is positive for any value of the angle ¢, hence, the function ¢ (¢) increases monotonically.
For the parameter values xy =0.1,( =02, A=1.0, [, =1.0,m=1.0,p=1.0,06 = 2.0, x = 0.1,

y=0.0,p€ [— arcsin Z, arcsin Z] the form of the functions ¥, ¢, 2 is shown in Fig. 3
o o

The constructed control is periodic, restricted and ensures a partial stabilization during an
arbitrarily long interval of time.

13
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r r
Consider the second branch of the solution [B7) ¢ € |:7T — arcsin —, m + arcsin — |. The
o o

differential equation for the determination of v has the form

' 2
mﬁw:rcosd)—a\/l—%siﬁw. (40)
o

Its solution is expressed, just as for the first branch, in terms of the normal elliptic Legendre
integral of the second kind:

0'2—’["2

E (w, g) "y (wo, g) n g(sinw ~sintp) = — ‘. (41)

mpo

A straightforward calculation shows that the controls corresponding to the second branch are
restricted during an arbitrarily long interval of time also.
2. For r = o the second equation of (33]) has two solutions

-~

If the equality ¢ = 1 + 7 holds at the instant of arrival at a given point of space, then the
first equation of (33)) takes the form

mpp =0 (43)

i.e., the point ¢ = ¢ + 7 is a fixed point of the system. By straightforward calculations one
can readily verify that this case corresponds to the solution (29) with o = @ — ¢ — 7.

If the equality ¢ = —1 holds at the instant of arrival at a given point of space, then the
first equation of (33)) takes the form

mp = 2r cos (44)

T
Equation (4] has two steady-state solutions: a stable one, ¥y = > and an unstable one,

3
Py = ; The general solution of this equation has the form
mp, |[1-+siny
—hn|——|=t+C 45
4r " ’ 1 —siny + (45)
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where C' is the constant of integration. It is clear from the form of the general solution that
the approach to the point 1 occurs in infinite time.

The rotational velocity of the rotor can be calculated from the third equation of (33]) and
takes the form

_mp® + 20

0=
mpl,

2r cos 1, (46)
whence it is clear that the value of €2 is finite. Thus, for r = ¢ a stabilization is possible in
infinite time.

3. For r > ¢ it is more convenient to express ¥ from the second equation of (33)) as follows:

. g . . O . O T
— arcsin (— Sin go) S [— arcsin —, arcsin —] - [——, —}
r r T 22

. (O . . O .o m 3w (47)
T + arcsin <— Sin cp) € [7? — arcsin —, m -+ arcsin —} Clz, =
r r r 2" 2

W =

where ¢ € [—m, m]. The realization of a specific branch of the solution ([#7)) depends on the
initial value of ¢, which is defined by the position of the internal mass and by the orientation
of the body at the instant of arrival at the point (x, y). Moreover, according to Theorem of
complete controllability proved above, using a suitable control one can ensure the realization
of the required branch of the solution (A7) at the initial instant of time. Consider the branch

o o
(NS [— arcsin —, arcsin —} of the solution ([@T). This branch corresponds to the inequality

-
cos ) > 0, and the differential equation for the determination of ¢ is obtained from the second
equation of (B3]) and has the form

2 2 2 _ 2
< il —crcoscp) ® = r _J . (48)
‘o

r?2 — o2sin mp
Let us examine the phase trajectories of ([Ag]). To do so, we express ¢ as follows:

r°—o r? — o2sin? ¢

(49)
2p o cos (o cos p — /12 — o2 sin? @)

In the case at hand, ocosp — /72 —o2sin? p < 0 always holds. Hence, ¢(p) undergoes a
discontinuity of the second kind at the points ¢ = +Z

2
lim ¢ =— lim ¢ = +oo. 50
i p=—o0, im o= oo (50)

r
Note that these singularities do not depend on the value of —. We also note that the function

o
(49)) does not vanish, and hence the system (49]) has no fixed points.
2 _ 2
re —
are shown in

The phase trajectories of (48]) for " — 1.1 and various values of g =
o

Fig. @

mpo
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Figure 4: Phase trajectories of the system ([@9). The trajectories shown in the figure correspond
to § = 0.5 and to various motion patterns.

Depending on the initial conditions, two motion patterns are possible for the same value of
B. The corresponding functions () and €2(¢) are shown in Figs.

T(D i Q-6 21'(@ T T I Q5
if— 6 --- |
3m/4 n/4 |
B Ly
TY/Q\,,/\\ R % \ 3n/2
| \ 8 I
/4 ’I \\\ / / \\ 5 /4 | — : 13
|
0 ’ I — f
| \ / ‘ | / |
i N T | 3m/4 b2
| S \ l| 1-10 ! |
-n/2H T T/2 h I'
| T \ ARt
I L™ \ /
-3m/4 : | /4 N s
| \_\-—__ ——_—_,’
-T Lt 0 —————— == "
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 1 2 3 4 5 6 7 8
a) b)

Figure 5: Functions ¢(t) and €(t) corresponding to different branches of the solution (37) for
S = 0.5. The graphs correspond to the phase trajectories a) and b) in the previous figure.

T 3m
It can be seen from Figs. [l that the function ¢ reaches the critical values —5 and > in

™
finite time. Using (B4)), it is easy to check that €2 increases infinitely as ¢ — i§' Hence, a

partial stabilization is possible only in finite time.

Remark 6.1. Equation [@8) has the following solution:

(D) e D D)
— o(sinp — singg) = T2ﬂ;ﬁ02t,

where F' <g0, E) s the normal elliptic Legendre integral of the first kind. The above solution
r

T
(BI)) includes two motion patterns corresponding to different initial conditions ¢ € (—5, 5)
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A straightforward calculation shows that the solution corresponding to the branch ¢ €
o o
[7? — arcsin —, 7 + arcsin —} behaves similarly. In this case, the equation for the determination

r r
of ¢ and its solution have the form

o2 cos? o . or—r?
+ocosp | p= p— (52)
r2 — o2sin’ mp
% —r? o o o o

(e D) - r (e 7)) er(E(e]) ~Een D))
e (5)

+ o(sinp — sin pg) = —t.

mp

7 Appendix B. Proof of Proposition 4.3

Proof. First of all, we examine the general properties of the system of equations ([B5)—(34). It
is easy to verify that equations (B3]) possess the symmetry

p—p, w_> _’l/}a $o — —Yo, Q_>Q7 t— —t (54)
and the integral of motion

rsin Y + o sin g
T cOs Y 4 0 cos ¢y

G =pe7W =const, F(y)= / (55)
The integral (53]) and hence the behavior of the system depend on three parameters r, o, and
wo. The parameter ¢ is related to the direction of motion of the internal mass, to circulation
and the body geometry.

Below we consider separately several cases depending on the values of these parameters.

1. The condition sin ¢y = 0 corresponds to two values: ¢y = 0 and ¢y = 7, and the integral
(B5) takes the form

G = p(rcosy £+ o). (56)

Here the sign + corresponds to ¢ = 0, and the sign — corresponds to ¢y = 7. In view of (56
the first equation of (35]) takes the form

Y= %(TCOS@/):EO)Q. (57)
Its solution depends on the relationship between the parameters r and o.

1.1. For r < o (the center of the body is inside the circle r = o), according to (B6), the
function p(t) has no singularities, is periodic and continuous for any value of 1) and hence
bounded on a given level set of the integral G. The right-hand side of (57)) preserves the sign
and never vanishes, hence, the function (¢) is monotonous and equation (&7) has no fixed
points. An example of the functions p(t), ¥ (t) and §(t) for ¢y = 0 is shown in Fig. [@ Thus,
for sin ¢y = 0 and r < o a partial stabilization is possible during an arbitrarily long interval of
time.
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Figure 7: Phase trajectories of the system (B3] for ¢g = 7 and L
o

1.2. For r = o (the center of the body is on the circle r = o) the system of equations (B3]
has a family of fixed points lying on the straight line ) = ¢, = m + . The phase trajectories
of the system for ¢y = 7 and various values of the integral G are shown in Fig. [7
It can be seen from Fig. [1 that the phase variable p increases infinitely in a neighborhood of
the straight line v = 1,.

Let us examine the attainability of a fixed point. To do so, we linearize equation (57) in its
neighborhood

r?sin? v,

= (= ) (58)

mG

Let us integrate equation (58]) on the interval [¢, — €, 1)

r2sin?¢, 1 . 1
t—— = =~ — lim =
mG € Yo Y — 1y

00. (59)

Consequently, the phase trajectories approach the straight line ) = v, in infinite time. Thus,
for sin g = 0 and r = ¢ a partial stabilization can be performed only in finite time.

1.3. For r > o (the center of the body is outside the circle r = o), equation (&1) admits
particular steady-state solutions

vl = {i (7T — arccos %) , 9o =0, (60)

+arccos Z, Yo = .
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The phase trajectories of the system on the plane (p, 1) for various values of the integral G
and the parameter values r = 1, ¢ = 0.5 are shown in Figl§

It can be seen from Figl8 that the phase trajectories approach the vertical asymptotes
1 = 91, hence, as time goes on, p — 400. Performing the same analysis as in the previous
case, we can show that the value 1) = v, is reached in infinite time. Thus, for sin g = 0 and
r > o a partial stabilization can be performed only in finite time.

2. Consider a more general case for which the line of motion of the internal mass is such
that sin ¢ # 0. In this case, the integral (B3] can be written as

dyp

rcosz/hLE) const, T = 0 oS g (61)

G = p(rcosty +7) exp (—a sin goO/

The exact form of the integral (€1]) depends on the relationship between r and | cos ¢g|. The

equality r = o] cos p| defines the circle with the center at the point (%, —%) and radius
VX2 A+ ¢
VXTI cos pol.

2.1. For r < a|cos pg| (the center of the body is inside the circle r = o| cos g|) the integral
(6T)) is not unique and can be represented as

G = — = p(costp + »)x

2t 2—-1
X exp 20 (aretan [ Y tan Y + prn 7| ) =const, (62)
22 — 1 x+1 2 2

where » = g, || > 1, ¢ € [—7, 7).
r

G
.

The trajectories of the system (35 fill everywhere densely the plane (p, 1). Depending on
the relationship between the parameters r, o, and ¢, two types of phase portraits are possible

(see Fig. [@).
Indeed, the right-hand side of the second equation of (BH) is nonnegative (nonpositive)
for ol sin ol > 1. This means nondecrease (nonincrease) of the function p (see Fig. Dh).

Otherwige the sign p changes twice in one period of the variable ¢, and the system trajectories
have extrema (see Fig. @b).

According to the first equation of (33]), the function ¥ (¢) is monotonous, since the right-
hand side of the equation is sign-definite by virtue of the condition r < o|cosy|. Using the
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)

integral ([62]), we estimate the change of p for one period of the variable ¢ € [—7, 7)

2wt
Ap = po (exp (w) _ 1) , (63)
wt —1

[\

It can be seen from (G3]) that the increment Ap of the phase variable p is directly proportional
to the value py = p}w:ﬂr. Moreover, sign Ap = sign tan pg. It is easy to show that for N

periods the increment is
2N tan
Apn = po (GXP (2—%) - 1) . (64)
w? —1

That is, the increment depends exponentially on the number of periods N. Thus, despite
the existence of two types of phase portraits, the phase variable p increases on an average if
tan o > 0 and decreases on an average if tan ¢y < 0.

According to ([Bg]), as p decreases infinitely, 2 — oo. Thus, if the condition r < | cos ¢ is
satisfied, either p or €2 increases indefinitely, depending on the value of yy. Thus, for sin ¢y # 0
and 7 = 0| cos pp| a partial stabilization can be performed only in finite time.

2.2. For r > o] cos go| (the center of the body is outside the circle r = | cos ) the integral
(©1I) can be written as

G-

psign (r+ (W) 7-(¥))
1 + tan? %

5= Lfafig, re () = VI~ wtan d £ VT2

- @) e () (65)

Consider the values ¢y = F2arctan ,/1==, which are zeros of the functions 74 (¢). It is

seen from (65) that the behavior of the system (BH) in a neighborhood of the lines 1» = 14
can change depending on the parameter d. For the values § < 0 three possible types of phase
portraits are shown in Fig. [I0.

Remark 7.1. By virtue of the symmetry (B4), the phase portrait for some § = —dy < 0 can
be obtained by a mirror reflection of the phase portrait for 6 = 0y relative to v = 0 and by
changing the direction of motion along the trajectories.
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2.2.1. If |§] < 1, the phase variable p infinitely increases near ... The asymptotes ¢ = 1)1
are always separated from each other regardless of the relationship between the parameters r,
o, and ¢g. Hence, the qualitative behavior of the system trajectories on the plane (p, ¥) (see
Fig. [[0k) is also independent of the relationships between these parameters and is the same as
the behavior considered in the case singy = 0, r > o (see Fig. [)). Thus, for sin gy # 0 and
r < o] cos go| a partial stabilization can be performed only in finite time.

2.2.2. The condition |0| = 1 is equivalent to the equality r = 0. In this case, the right-hand
sides of equations (B]) vanish simultaneously for ¢ = 7 4+ 9. When 6 = —1, the asymptote
1 = 1p_ disappears, and its place is taken by a family of fixed points; there are no qualitative
changes in a neighborhood of the asymptote 1) = ¢, (see Fig. [[0b). Similarly, when § = 1, the
lines ¢ = 1, correspond to a family of fixed points and ¢ = ¢_ is an asymptote. To perform
a stability analysis of these fixed points, we represent the first equation of ([B5]) as

mpy) = _721/,7—+(¢)T—(¢)' (66)

Let us analyze the stability of the family of fixed points ¥ = ¥_ for 6 = —1. For this
purpose, we linearize equation (60]) in a neighborhood of ¥ = ) _

T V31—

— 7. (Y_
1+tan2% - 20052%

mpAY = — A, =1+ Ay, (67)

Since the coefficient of A is negative, the fixed points of the family ¢) = ¢)_ are stable. In a
similar way, it can be shown that the fixed points of the family ¢ = ¢, are unstable for § = 1.
Since sign d = sign tan ¢, the system has the above family of stable fixed points for tan ¢ < 0,
and the family of unstable fixed points for tan g > 0. Thus, a partial stabilization is possible
in infinite time when sin ¢y # 0, 7 > 0| cos pp| and § = —1.

2.2.3. Consider the behavior of the system for |6 > 1. The phase portrait corresponding to
0 < —1 is shown in Fig. [0c. The behavior in a neighborhood of the straight line 1) = v, does
not change qualitatively. In contrast to the cases considered above, the line 1) = ¢_ becomes
a discontinuity of the integral G. Note that due to equation (GG) ¥ >0 for ¢ € (4, 1_) and
¥ < 0fory € [—7/2, ¥y) U (¢p_, w/2]. Thus, all trajectories of (B33]) tend to the point ¢ = _,
p =0 on a given level set of the integral G.

The point ¢ = 1)_, p = 0 is the singular point of (35). This singularity may be due to either
the choice of polar coordinates or the existence of an essential singular point in the system. In

order to define the type of singularity, it is necessary to examine the value of the limit liIT(l] p
p—>

depending on ¢. This analysis for the system considered shows that the point ¢ =_, p =0
is an essential singular point and all trajectories of the system converge to it.
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Consider the attainability of the point ¢» = 1)_, p = 0 in finite/infinite time. Let us eliminate
p from the first equation of (BH) using the integral (G3])
1 1

V= mG(1+tan2%

E [ ()P - () . (68)

Equation (G8]) can be approximated by
=A@y —p_)** (69)

using the Taylor series expansion of the function 7_(¢) in a neighborhood of ¢ = ¢_. Without
loss of generality we set 1) —1_ > 0. Since 2+ ¢ < 1, the solution of (69) is the following power
function:

=1+ (—(L+8) (AL + C)) O+, (70)

whence it is clear that the line 1) = ¢ _ is attained in finite time.
Let us consider the behavior of the angular velocity €2 as the line ¢ = 1_ is approached.
Expression (B6]) can be written as

Q- ]l (Coy — (mp? +B). (71)

It is seen from (69) and (ZI) that for § € (=2, —1) the derivative 1 tends to zero as ¢ = t_ is
C, ‘ Cpy — bA
[y. If 6 = —2, then ¢ = A, hence, 2 — yli
1/'} — 00, hence, 2 — oo. Thus, a partial stabilization is possible in finite time for sin ¢y # 0,
r > o|cos | and |§] > 1. O

approached, hence, ) — . If 9 < =2, then
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