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ABsTrRACT. In this paper, we address the problem of the controlled motion
of a roller racer on a plane. We assume that the angle between the platforms
is a given periodic function of time (control function), and the no-slip condi-
tions (nonholonomic constraint) and viscous friction forces act at the points
of contact of the wheels with the plane. In this case, all trajectories of the
reduced system tend asymptotically to a periodic solution. In this paper, we
show that for a selected periodic control function, there exists a motion of the
system that is bounded (along a circle) and unbounded (along a straight line).
An unbounded motion corresponds to the resonant case which takes place at
zero average value of the control function. The theoretical dependence of the
trajectory and the velocity of the roller racer on its parameters and the pa-
rameters of the selected control function is investigated. These dependences
are confirmed experimentally.

Introduction

In this paper, we address the problem of the controlled motion of a roller racer.
The roller racer is a system consisting of two platforms connected to each other
(by means of a cylindrical hinge). The platforms can freely rotate in the horizontal
plane independently of each other. Each platform has a wheel pair that is rigidly
fastened to it and consists of two wheels lying on the same axis, which can freely
rotate independently of each other. The forward motion of the roller racer is enabled
by periodic oscillations of the platforms relative to each other.

In describing the dynamics of the system, we assume that there is no slipping at
the points of contact of the wheels with the plane. In this case, each wheel pair can
be replaced with a knife edge, which is located at its center of mass and prohibits
sliding in the direction perpendicular to the plane of the wheels. The equivalence
of such systems is shown in [1] using a vehicle with two rotating symmetric wheel
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pairs as an example. The no-slip condition and the replacement of the wheel pair
with a knife edge are also used in investigating the dynamics of a roller racer (a
wheeled vehicle with fastened wheel pairs) in [2, 3], a wheeled vehicle with two
rotating wheel pairs (snakeboard) in [4-6], and in investigating wheeled vehicles
consisting of three and more platforms (a literature review can be found in |7, 8]).

Classical papers on the dynamics of wheeled vehicles include [9-12]. These
studies are concerned with various models of a motor vehicle with a fastened rear
axle (the model of a platform with two wheel pairs, one of which is fastened) and the
simplest two-link vehicles. The dynamics of a snakeboard is explored in [13-18].

In the most general case, the free dynamics of a roller racer is investigated in [2].
Equations of motion on a plane are obtained and it is shown that, in the general
case, the motion relative to a fixed coordinate system is asymptotic: except for the
straight-line motion, the trajectories tend to circles and the motion is bounded.
The asymptotic stability of straight-line motions for the case where the center of
the system’s mass is at the point of attachment of the platform is analyzed in [12].

In [3,19-22] the controlled motion of a roller racer is investigated. It is assumed
that the angle between the platforms (the control function) is a given periodic
function of time. In [3] it is shown that a periodic change in the angle can lead
to unbounded acceleration. It is proved that, in the general case, in the presence
of viscous friction forces at the point of contact of the wheels with the plane (see
also [19]), there is no constant acceleration. In [20,22], the controlled motion of
the roller racer is considered taking into account Coulomb’s friction between the
wheels and the plane of motion. In [21] it is assumed that each of the two platforms
of the roller racer additionally has a rotor whose angular velocity is a given periodic
function of time. It is shown that, in this case, it is possible to achieve acceleration
at which the velocity of the system increases as t'/3 and the system moves on
average along a strip bounded by two straight lines.

We also mention the studies [23,24] concerned with the controlled motion of the
roller racer performed by the periodic displacement of one or several point masses,
located on the leading platform, relative to the symmetry axis of this platform.

A comparison of theoretical and experimental results on the controlled motion
of the roller racer in the case of straight-line motion with viscous friction is presented
in [25, 26].

In [3] it is proved that in the case of viscous friction and a periodic control
function all trajectories of the reduced system tend asymptotically to a periodic
solution. In this paper, we carry out a theoretical and experimental investigation
of the trajectories of the roller racer which correspond to these periodic solutions,
depending on the control parameters and the mass-geometric characteristics of
the system.

This paper is structured as follows. In Section 1 we specify the main design
features and the assumptions under which the dynamics of the roller racer is ex-
amined and the corresponding equations of motion are derived. In Section 2 we
analyze the steady-state periodic regime of motion, to which all motions of the
roller racer tend asymptotically. Possible trajectories of the system and conditions
for their existence are described. In Section 3 we give examples of periodic control
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functions and the corresponding bounded and unbounded trajectories of the point
of connection of the platforms of the roller racer to each other. In Section 4 we
analyze the dependence of the average velocity of motion of the roller racer along
a straight line on the control parameters and the mass-geometric characteristics
of the roller racer. In Section 5 we present a comparison of the theoretical and
experimental results obtained for the motion of the roller racer along a straight line
and along a circle.

1. Equations of motion

Consider the problem of a roller racer moving on a plane. The roller racer
consists of two platforms connected to each other (by means of a cylindrical hinge),
which can freely rotate in the horizontal plane independently of each other (see
Fig. 1). Each platform has a wheel pair rigidly fastened to it and consisting of
two wheels lying on the same axis and rotating independently of each other. The
forward motion of the roller racer is enabled by periodic oscillations of the platforms
relative to each other.

A scheme of the roller racer on the plane is shown in Fig. 1, in which the
following notation is used: P is the point of connection of the platforms to each
other, A; and A, are the positions of the centers of mass of the first and the
second platform, and C; and Cy are the positions of the centers of mass of the
corresponding wheel pairs. The notation of the main quantities used in this paper
is presented in Table 1.

FIGURE 1. The roller racer on a plane

To analyze the dynamics of the system, we define three coordinate systems:

— an inertial coordinate system Oxy in which the plane Oxy coincides with
the plane of motion (Fig. 1);

— a noninertial coordinate system Cixqy; rigidly fastened to the first plat-
form, with origin C; at the center of mass of the wheel pair. We direct
the axes Cix; and Chyi, respectively, along the tangent and the normal
to the plane of the wheels;
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TABLE 1. Symbols

%) the angle between the axes C1z1 and Cazo (the orientation of the
platforms relative to each other)

P the angle between the axes Oz and Cix; (the orientation of the
first platform relative to the fixed coordinate system)

r = (x,y) the radius vector of the point of attachment of the platforms, P,
in the fixed coordinate system Oxy

c1,Co distances from the center of the first and the second wheel pair to
point P

ay,as distances from point C; to the center of mass of the first platform
and from point C5 to the center of mass of the second platform

m1, my  the masses of the first and the second platform

Iig, Io0  the moments of inertia of the first and the second platform relative
to their centers of mass (points A; and As)

I, I the moments of inertia of the first and the second platform relative
to point P

K1, K2 coefficients of viscous friction of the first and the second platform

b1, bo distances from the point of contact of the wheels to the center of
mass of the corresponding wheel pair

hi,hs the radius of the wheels on the first and the second platform

— a noninertial coordinate system Caxoys rigidly fastened to the second
platform, with origin Cy at the center of mass of the wheel pair, and
with the axes directed along the tangent and the normal to the plane of
the wheels.

We specify the main design features and the assumptions under which we ex-
amine the dynamics of the roller racer.

— Assume that the center of mass of the first and the second platform (points
A; and Ay) lie, respectively, on the axes Cizq and Cazo (see Fig. 1).

— The orientation angle ¢ of the platforms relative to each other is a given
periodic function of time (with period T).

— As the roller racer moves, there is no slipping at the points of contact of
the wheels with the plane.

In [1] it is shown that, in wheeled vehicles of the type considered here, each
wheel pair can be replaced with a weightless knife edge which is located at its center
of mass and prohibits sliding in the transverse direction (relative to the plane of
the wheels).

Thus, the configuration space Ny of the system under consideration is defined
by the generalized coordinates z(t), y(t), ¥(t), which specify the position of point P
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and the orientation of the first platform relative to the fixed coordinate system Ozy:
Nq = {q = (%yﬂ/))ﬂ/f mod 271—} ~ Rz X Sl.

We will describe the dynamics of the system by the quasi-velocities v = (v1,v3)
and w, where v is the velocity of point P referred to the moving coordinate system
Ciz1y1, and w is the absolute angular velocity of the first platform. The quasi-
velocities are related to the generalized velocities by

(L.1) vy = dcosty + ysineg, ve = —dsineg + yeosy, w =p.

The angles of rotation of the wheels relative to their axes ¢;;(¢,7 = 1,2) can
be recovered, if necessary, by the integration of equations [1, 3]:

iy = bigp — i cosy —gsing,  hidiz = —big) — i cosy) — §sing,
(12)  hador = ba(@(t) +4) — @ cos(ip(t) + ) — Gsin(p(t) + ¢),
ha¢az = ~ba((t) +9) — @ cos(ip(t) + ) — Fsin(p(t) + ¢).
Nonholonomic constraints expressing the absence of slipping at the points of
contact of the wheels have the form [3]:
(1.3)  fi=va—cuw =0, fo=—vysinp(t)+ vycosp(t)+ ca(w+ H(t)) =0.
The kinetic energy of the entire system can be represented as

1 1 1
T = §M(’U% + ’US) + mi(ay + ¢1)vaw + 5[&12 + 5]2@(75) + w)2

+ ma(az — c2)(ve cos p — vy sin ) (H(t) + w),

where M = mi + my is the mass of the entire system.

To investigate the influence of the friction force on the dynamics of the roller
racer, we will consider the simplest model of viscous friction [19,27]. Suppose that
the forces of viscous friction with the Rayleigh function act at the points of contact
of the wheels with the plane:

1, . . . .
R= 5 (K193, + k1975 + Kadh) + Kad3s),

where Q.Sij (i,7 = 1,2) are the angular velocities of rotation of the wheels. Taking
into account relations (1.1), (1.3) and the quadratures for the angular velocities
of rotation of the wheels (1.2), the Rayleigh function written in terms of quasi-
coordinates has the form

(1.4) R = py (biw? + vd) + 2 (b3((t) + w)? + (v1 cos ¢ + va sin)?),
where j; = k1 /h3, 12 = ka/h3 are the reduced viscose friction coefficients.

REMARK 1.1. The proposed model describes the rolling friction torques and
the viscous friction torques which arise in bearings as the wheels rotate on their
axes. Incorporation of such a friction torque does not lead to violation of the no-slip
condition. A similar friction torque which does not violate the no-slip condition
was considered in the Chaplygin sphere rolling problem [28].



6 KILIN, IVANOVA, KARAVAEV, AND YEFREMOV

The equations of motion taking into account the constraints (1.3) and the
friction forces described by the Rayleigh function (1.4) can be written as [1, 3]:

d /0T T <. df; OR
i (Go) ~ 95 = NG Gy
=1
d /9T T . df; OR
(15) i \og) 50 = 2 N5, " By

d(aT) or 9T N, 9fi OR
vl@vg Uzavl—iﬂ ‘Ow  Ow’

dt \ dw
where A\; and \; are undetermined multipliers.

To calculate the undetermined multipliers, we solve the constraints (1.3) rela-
tive to the velocities w and vy and differentiate them with respect to time. Then,
we substitute the resulting dependences 03 (v1,v1,t) and w(vy,01,t) into the last
two equations of the system (1.5). Solving the resulting equations, we obtain the
dependence of the undetermined multipliers on v1, 91 and time. We do not present
here the explicit expressions for Ay 2(v1,01,t) since they are fairly cumbersome.

REMARK 1.2. The constraints (1.3) can be solved for the velocities w and vs
under the condition

(1.6) crcosp+cg # 0.

Condition (1.6) is satisfied for any control function ¢(t) at ¢; > co. If ¢; < ¢,
then in defining the control function it is necessary to choose its parameters in such
a way that condition (1.6) is always satisfied. Or it is necessary to choose from
the very beginning other quasi-velocities for describing the dynamics of the roller
racer. This can always be done, for example, by changing the numbering of the
platforms.

Substituting the resulting undetermined multipliers into the first of equations (1.5),
we obtain the following equation governing the evolution of the translational veloc-
ity v1 of the first platform:

(1.7) v = (A(t) - C(t))vl + Bl(t) + B2(t) _ D(t),
where
Alt) = — @sinp(J1S2 +651) Bi(t) = psinp(Jica — J2.51)
Si(Jisin® o+ MS7) (Jy sin? o + MS2)
By(t) = P (Jicrez sin? o — S (c16cosp —ecaSh))
2 Si(Jisin® ¢ + MS?)
C(t) = 2({’%,“1 + b2p2) sin? @ + 1157 4 1253
Jysin? p + MS? '
D(t) = QSbSiDSD(Cl,uQ(b% —c3)cosp — ca(b3ur + Fpuz))
Jysin? @ + MS} ’

51261COS<,0+02, Sy = ¢ + co cos .
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Here, to abbreviate the formulae, we introduce the following notation:
0 = craama + coa1my, € =myai + c1me,
J1 =1+ Isg + mla% =+ mg(ag + C% — Cg), Jo = Iog — mg(C% — ag)

Expressing the velocity vs from the first of the constraint equations (1.3) and
substituting it into relations (1.1), we obtain the following system of equations on
the configuration space Ng:

~vrsing(t) — cap(t)

 crcos(t) o

v1sinp(t) — cap(t)
c1cos(t) + c2

vy sin(t) — cap(t)
1 cos p(t) + c2

sin,

(1.8) T =wvi1cosy —c

Yy =vsiny +c; cos .

The resulting system of equations (1.7)—(1.8) describes the behavior of the roller
racer in the case where the angle (t) between the platforms is a given function
of time.

In this case, the nonautonomous equation (1.7) governing the evolution of ve-
locity vy decouples from the system (1.7)—(1.8). Thus, the reduced system reduces
to one nonautonomous linear differential equation whose solution depends on the
form of the control function and the parameters of the roller racer.

2. Analysis of the steady-state regime of motion

Let us write equation (1.7) for brevity as
(2.1) i1 = ~ (o + (1),

where ®(t), ¥(¢) are functions which for the case of T-periodic control functions
©(t) are also periodic with the same period T
In [3] it is proved that in this case the following statement holds.

PROPOSITION 2.1. For the positive coefficients (of friction) puy > 0 and po >
0, equation (2.1) has a particular time-periodic solution vi = Q(t) to which all
trajectories of this equation tend asymptotically as t — +o00. The solution Q(t) is
given by:

Q) = 55 <(P(T§_1) /OT\I/(T)P(T)dT—‘r/ot\IJ(T)P(T)dT),

P(t) = exp (/ot <1>(T)d7).

The particular time-periodic solution v; = Q(t) corresponds to the steady-
state motion of the roller racer. Next, we analyze the trajectories of the point
of attachment of the platforms relative to the fixed coordinate system during the
steady-state motion depending on the parameters of the control function.That is

where



8 KILIN, IVANOVA, KARAVAEV, AND YEFREMOV

to say, assume that
v1(t) = Q(1).
To analyze the position and orientation of the system, we make use of a com-

plex representation for the configuration variables (z,y). In order to do this, we
introduce a new variable

Z(t) = z(t) + iy(t).
The system of equations (1.8) can be written as
(2.2) b= Fr(t), Z=e?D(Qt)+icPr(t)),

where Fr(t) is a bounded function which is also T-periodic for T-periodic control
functions ¢(t):

(2.3) Fr(t) = Q(tc)lsizféz)jfif(t), Fr(t) = Fr(t+ 7).

As is well known, the general solution of equation (2.2) for the function v (t) is
represented in this case as

(2.4) P(t) = Qpt + o (t) + o,
where 0 is a constant which is defined as the average over a period of the function

Fr(t), ¥r(t) is a T-periodic function with zero average (over period T'), and vy is
a constant:

T
t 1 T T
@5 wr= [ Frn) -5 [ ar [(Fre) -0,
1 T T
1/)0 = 1/)(0) + T/O dr ) (FT(Z) - Qw)dz

Substituting (2.4) into the equation for Z in (2.2) and making elementary
transformations, we obtain

(2.6) Z = Qv t+v0) {4,
where Hr(t) = 7 (Q(t) + ic1 Fr(t)) is a bounded T-periodic function. We
represent it as a Fourier series expansion:

21

(2.7) Hp = ZAkemkt, 0= T

keZ

where Ay, are (complex) constants, coefficients of expansion of the function Hr:
I ;
Ak = */ HT(T)e_ZQdeT.
T Jo

Substituting the expansion (2.7) into the equation for Z (2.6), we obtain

(2.8) Z = ¢e'o Z Apel (St k)t
kez
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To define the trajectory of the point of attachment P of the platforms relative
to the fixed coordinate system, we integrate (2.8). The result of this integration
depends on whether there exists a k such that the argument of the exponential
function in (2.8) vanishes. We single out two cases in which the behavior of the
system will be qualitatively different.

(1) Nonresonant case: Qg + Qk # 0 for all k € Z.
(2) Resonant case: there exists a k = k, such that Q, + Qk, = 0.

Let us analyze the trajectories of the system in each of these cases.

2.1. Nonresonant case. Assume that there does not exist a k such that Q.+
Qk = 0. In this case, integrating equation (2.8), we obtain

i A
2. 7Z(t io vAE z(Qw+Qk)t _ 1)
(2:9) (8) = 2(0) +e kZGZm,Jer )

Without loss of generality, we will assume that Z(0) = 0. Then, according to (2.9),
in the reference frame that rotates about the point with the coordinates

2.10 =

(2.10) - Z Qw + o

with the angular velocity ), the trajectory of the point of attachment P of the
platforms is a closed curve defined by the bounded T-periodic function

_ Ak
2.11 — ¢ito Wk _ ikt
(2.11) =) o

keZ

In this case, the average value of the distance R from point P to Z; is defined
as a zero harmonic of the series (2.11):

T
Ao Ag = %/ Hy(1)dr
0

(2.12) R=|—

Q|
In this case, R is the radius of the circle (with the center at point Z;) along which
point P moves on average in the absolute coordinate system Oxy. The average
linear velocity of motion along this circle is

(2.13) V= LT?M R,

In the fixed coordinate system the trajectory of point P can be closed or non-
closed, depending on the value of the ratio €2, /<.

1. If Q4 /9 € Q is a rational number, i.e., if it can be represented as the ratio
p/q, p,q € Z, ¢ # 1, then the function Z(t) is ¢ T-periodic, the trajectory
of point P becomes closed after g periods of control (examples of such
trajectories are shown in Fig. 3a,b).

2. If Q4/Q € R\Q is an irrational number, then the trajectory of point P
is a nonclosed curve consisting of equal segments traced out in period T,
which, for each period, turn relative to the center Zy by angle Q,T" (see
Fig. 3c).
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Let us formulate the results presented above in the form of the following state-
ment.

PROPOSITION 2.2. Let 2y, +Qk # 0 for all k € Z. Then the point of attachment
P of the platforms moves on average in a circle of radius R (2.12) with the center at
point Zy (2.10). If exist coprime integers I,k € Z, (I # 1) such that IQy +kQ =0,
then the trajectory of point P is closed. Otherwise, point P moves along a bounded
quasi-periodic curve.

2.2. Resonant case. Assume that there exists a k = k. such that Q, +Qk, =
0. We will call this value k, and the corresponding trajectory resonant.
In this case, we represent equation (2.8) as

(2.14) Z =eoA, + e Z Apet(QutQk)t

kez,
k#k.,

where Ay, is the expansion coefficient corresponding to k = k..
Integrating (2.14) gives

, A —iAL

2.15 Z(t) = ™0 A, {4 ¢ito _ Tk i(QutR)t _ Y

(2.15) i Y )
k.

Thus, in contrast to the case discussed in Section 2.1, a term (linearly) grow-
ing with time appears in the function Z(¢) defining the trajectory of the point of
attachment P of the platforms.

It follows from (2.15) that point P moves on average with the velocity

(2.16) V, = |Ay.

along a straight line in the direction

(2.17) e = P + arg Ay,

relative to the axis Ox. In this case, in the reference frame moving with velocity
V. in the direction v, the trajectory of the point of attachment P of the platforms
is a closed curve defined by a bounded T-periodic function (see Fig. 5):

(2.18) Z.(t) = memm_w

The resonant expansion coefficient Ay, depends on the parameters of the con-
trol function and the characteristics of the roller racer and can take zero value. In
this case, the point P moves in a closed bounded trajectory (see Fig. 7) defined by
the function

Z(t) = Zo+ Z.(t),

where Zj is defined by the sum (2.10) at all k # k..
Let us formulate the results presented above in the form of the following state-
ment.
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PROPOSITION 2.3. Assume that there exist k. € Z for which Qy + Qk, = 0.
Then

— if the corresponding expansion coefficient is A, # 0, the point of attachment
P of the platforms moves without bound on average along a straight line turned at
angle ¥, (2.17) relative to the azxis Ox with the average velocity Vi (2.16);

— if the corresponding expansion coefficient is Ay, = 0, point P moves along
a closed bounded trajectory defined by the function (2.18).

Next, we consider specific periodic control functions ¢(¢) and give examples of
resonant and nonresonant trajectories of the roller racer.

For numerical calculations we will use the following mass-geometric parameters
of the roller racer which correspond to a full-scale specimen described below in Sec-
tion 5, taking into account the relation between the mass-geometric characteristics
of the platforms with wheel pairs and skates [1]:

m1 = 0.647 kg, a1 =0.065 m, c¢; =0.186 m, Ip; = 0.0044 kg - Ir127
(2.19) mo =0.587 kg, ap =0.0023 m, ¢y =0.044 m, Iy = 0.0038 kg - m?,
b1 = bQ = 0.0078 m, M1 = 2 = 0.3 kg/b

The design of the roller racer allows changing the mass of the second platform
by adding additional weights into special compartment symmetric relative to the
center of mass of the second platform. Therefore, in analyzing the dependence of
the velocity of the roller racer on the mass-geometric characteristics of the roller
racer we will use different values of the parameters of the second platform which
correspond to different numbers of additional weights.

3. Examples of steady-state motions

3.1. The choice of a control function. The orientation of the platforms
of the roller racer relative to each other is defined by periodic function ¢(t) with
some average value. Also, the rate of change in angle ¢(t) near this average value
(the rapidity of relative motion) can be different, with the other control parameters
(amplitude and period of motions) being constant.

Such controls can be modeled, for example, by the following continuous differ-
entiable function, which will be considered as a control function in this paper:

_ 2m I, (2n+1) / (2N+1) (27”5)
(3.1) o(t) =« T H,]Ll o cos T dt + o,
where o, T and ¢q are constants. The multipliers in front of the integral in (3.1)
are defined in such a way that the maximal deviation of the function ¢(t) from g
is equal to a and N is an integer defining the rapidity of motion. The larger N,
the closer to the vertical the tangent to the function ¢(t) at t = 0,7/2, see Fig. 2.
The case of the control function (3.1) with NV = 0 (which is just a sine function) is
discussed also in [3].

3.2. Bounded motion. Consider examples of trajectories of the roller racer
which correspond to the control function (3.1) with parameters at which Q,, +Qk #
0 forV k€ Z.
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12
wo+a
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0.2 4/
wo ¥
0

—0.2 1

FIGURE 2. Graphs of the function ¢(t) for N = 0 and N = 5,
a = 0.4 rad, pg = 0.1 rad

In this case, the point of attachment P of the platforms of the roller racer
moves on average in a circle (see Proposition 2.2). The radius and the position
of the center of the circle are determined from relations (2.10) and (2.12). The
roller racer moves along this circle with the average linear velocity V' (2.13). As
examples, we show in Fig. 3a,b closed periodic trajectories for N =0 and N = 5,
and in Fig. 3c we show a quasi-periodic trajectory for NV = 0. Figure 4 shows the
dependences V' (2.13) and R (2.12) on period T for different values of ¢y and N
and the corresponding trajectories of point P.

The graphs shown in the figure and the analysis of the quadratures (2.2) yield

the following conclusions.

— An increase in the parameter g leads to a decrease in the radius of the
circle along which point P moves on average, without significant changes
in the velocity of motion along this circle. Hence, in Fig. 4a,d we show
for each N only one dependence graph V(T for ¢y = 0.2 rad. The other
graphs in the chosen scale have almost no differences from those presented
in Fig. 4a,d.

— An increase in the period of control, T, leads to a decrease in the velocity
of motion along the circle without significant changes in the radius of
this circle.

— The value of R changes slightly with an increase in N and with other
parameters fixed (see Fig. 4b,e with equal values of ¢y and T), but the
angular velocity V increases (see Fig. 4a,d with equal values of T), i.e.,
an increase in the rapidity of motion (the velocity of change of sign of
the function ¢(t) in the middle of the period) leads to an increase in the
velocity of motion along the circle.

3.3. Unbounded motion. Next, we consider examples of bounded and un-
bounded resonant trajectories of the roller racer in the case of control functions of
the form (3.1).

In the general case, the search for the parameters of the control function which
correspond to the resonant trajectory reduces to solving the equation (see Propo-
sition 2.3)

(3.2) Q¢(N,T,Oz,g00) —|—27T/€*/T: 0.
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a) Qy, = 0.52 rad/s,
Tro= —0.186 m, yo= 0.73 m

—08 —-0.470

b) Q4 =0.21 rad/s,
zo=—0.186 m, yp=0.71 m

04 x

—0.8 =040 0.4

c) Qy =1.34 rad/s,
2o=—0.19m, yp=0.73 m

FIGURE 3. Examples of trajectories of point P for a = 0.5 rad,
po=03rad: a) N=0,T =04 s, p=1,q = 30, the trajectory
becomes closed after ¢ periods of control, b) N =5, T = 1 s,
p = 1,q = 30, the trajectory becomes closed after ¢ periods of
control, ¢) N =0, T = 0.25 s, the trajectory is quasi-periodic and
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FIGURE 4. a), d) Graphs showing the dependence of the average

linear velocity V(T) of motion along a circle, b), e) the average
distance R(T) of point P on (z0, o) depending on period T, and
c), f) the trajectories of point P at o = 0.5 rad, g = 0.1 rad,
o = 0.2 rad, g9 = 0.3 rad and N = 0 (above), N =5 (below)
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Fixing, for example, the parameters N,T and (g, one can numerically de-
termine the value of « at which for the chosen k, relation (3.2) is satisfied. If
for the found parameters the corresponding coefficient Ay, # 0, the trajectory is
unbounded.

Figure 5 shows examples of such trajectories for k, = —1 and the corresponding
closed trajectories defined by relation (2.18) (in the reference frame moving with
velocity V).

o7 02 04 06"z
a) N=0, «=0.82 rad

sY

y
0.2$ 0l 0.2 04 0.6 0.8

1 GB) 2 (O 70.;@\)?

b) N=5, a=0.496 rad

FIGURE 5. Trajectories of point P for k. = —1 (Qy = Q), in the
fixed reference frame (left) and the reference frame moving with
velocity Vj (right). Parameters of the control function: 7' = 0.05 s,
po = 0.5 rad. Characteristics of the trajectory: a) ¢, = 1.12 rad,
Vo =36 m/s; b) ¢, = 2.54 rad, Vp = 30.5 m/s

The resonant parameters of the control function which correspond to the bounded
trajectory of the system are defined from relation (3.2) under the additional con-
dition V, = 0. We note that for specific mass-geometric parameters of the roller
racer this problem may or may not have a solution in the general case.

Of all values of k, we consider in more detail k. = 0 because in this case
equation (3.2) reduces to searching for values of the parameters of the control
function at which Q, = 0.

3.3.1. The case k, = 0. In [25] it is shown analytically that in the case of
control action ¢(t) of the form (3.1) with g9 = 0 the function Fr (2.3) is T-
periodic with zero average value over a period. According to (2.5), this implies
that for 9 = 0, no matter what the value of the other parameters of the control
function (3.1), the angular velocity is Q, = 0.

Thus, according to (3.2), it suffices to fix the value ¢y = 0 in the control (3.1)
in order to obtain a resonance at k, = 0.

In [25], it is also proved that, when ¢y = 0 (and hence when k, = 0), the
following relations hold for the coordinates (Z, ) of the point of attachment P of
the platforms of the roller racer in the reference frame OZy rotated by angle v,
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(2.17) relative to the inertial reference frame Oxy:
2(t) = Vot + X (1), g(t) =Y(?),
Xt)y=Xt+T/2), Yt)=Y(t+T),

where V) = V. with k, = 0 is the average velocity of the straight-line motion, which
is expressed analytically in terms of the integral

r 2 Q(t) sinp(t) — (1)
(3.3) 7/ D conur(t) - o I sin (1)) de

The value of 17 (t) is determined from relation (2.5) with Qy = 0:

/FT T_f/ dT/FT

Examples of unbounded trajectories of point P for different values of the pa-
rameters of the control function with Vy # 0 are shown in Fig. 6.

When Vy = 0, the point of attachment P of the platforms moves along a
bounded self-intersecting trajectory (since Qy = 0). Examples of such trajectories
for different parameters of the control function are shown in Fig. 7.

Y

0.01
00001 A /\ /\ 00 L L [
—0.011 004 o8 0de— 016 =z
,0.005M 0. 02\/0 04 VOES z
—0.01 b) N=5,T=1s, a=0.3 rad

a) N=0,T=1s,a=0.3rad
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FIGURE 6. Trajectories of the point of attachment P of the plat-
forms for k. = 0 (po = 0, Qy = 0). Parameters of the trajec-
tory: a) ¢, = 0.00018 rad, Vo = 0.024 m/s, yo = 0.00072 m; b)
. = 0.00025 rad, Vo = 0.0595 m/s, yo = 0.00239 m; c) ¢, =
0.00028 rad, Vp = 39.3 m/s, yo = —0.041 m; d) ¥, = 0.0008 rad,
VO =5.11 Hl/S, Yo = —0.057m

4. Analysis of the average velocity of motion for k., = 0

Next, we estimate the influence of the control parameters and the mass-geomet-
ric characteristics of the system on the value of the average velocity Vp (3.3). This
estimate allows us to form a control ensuring the maximal velocity of motion for
the prescribed mass-geometric characteristics of the roller racer or, alternatively, to



16 KILIN, IVANOVA, KARAVAEV, AND YEFREMOV

02z

a) N=0 b) N=5

FIGURE 7. Self-intersecting trajectories of point P for k., = 0
(po =0, Qp = 0). Parameters of the control function: a) N = 0,
T=2s, a=2465rad; b) N =5, T = 0.05 s, a = 0.9998 rad

optimize the design for the given technically bounded controls. We consider these
cases separately.

4.1. Fixed mass-geometric parameters. Consider the dependence of the
average velocity of motion of the roller racer V; (3.3) on the control parameters
(3.1).

Without loss of generality, in this case, we can assume period T to be equal to
unity. This corresponds to the choice of units for measuring time and follows from
invariance of equations (2.1) and (2.2) under the change of variables

(4.1) t—=Tt, vy —=u/T, p—m/T, p2— p/T.

Thus, a change in the period is equivalent to scaling the friction coefficient. The
dependence of velocity V; on the friction coefficient will be considered below in
Section 4.2.

Figure 8 shows the surface of the dependence Vj(a, N) for T' = 1 s, obtained
by numerical simulation with the parameters (2.19).

The resulting dependences allow the following conclusions:

— the average velocity of motion Vi increases with an increase in the value
of N;

— there exists an optimal value of the amplitude o of the function o(t) for
the prescribed mass-geometric parameters of the roller racer at which the
average velocity of motion Vy is mazximal.

For example, when g = 0, T = 1 s and N = 0, the maximal value of the
velocity Vp = 0.247 m/s is reached at a = 1.384 rad, and when N = 5, the
maximal velocity Vp = 0.439 m/s is reached at ow = 1.136 rad.

Thus, the maximal velocity of motion can be reached at some optimal value of
the amplitude of the control action and at the largest possible value of N, which
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FIGURE 8. Dependence Vo(N, ) for o9 = 0, T = 1 s and the
parameters (2.19)

in practice corresponds to the rotation of the second platform relative to the first
platform with the maximal angular acceleration.

The largest possible value of N depends on the performance capabilities of the
roller racer. Besides, in carrying out experimental investigations, account should
be taken of the fact that, as the value of IV increases, so do the constraint reaction
forces, see (1.5). This can lead to slipping at the points of contact with the plane.

4.2. Fixed control parameters.

4.2.1. Dependence of the motion velocity of the roller racer on the mass of the
second platform. In this section, we investigate the dependence of the velocity of the
straight-line motion of the roller racer on the mass of the second platform without
changes in the control parameters. For definiteness, we choose the following fixed
control parameters:

(4.2) N=5 «a=09rad, ¢g=0rad, T =1s.

As was noted above, the design features of the full-scale specimen of the roller
racer allow this to be done by adding weights into special compartment placed on
the second platform. In this case, the value of the moment of inertia I5q will change
as well. But, since its changes are completely determined by changes in the mass,
we will not present the corresponding surface in the space (maq, Iso, Vo), present
only its projection onto the plane (mq, Vj) for the fixed control parameters (4.2).

The resulting dependence Vj(ms2) is shown in Fig. 9, which implies that the
average velocity of motion Vi increases with an increase in the mass of the second
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platform without changes in the geometric parameters of the roller racer to some
optimal value.

Thus, despite the fact that the possibility of slipping diminishes as the mass of
the system increases, there exists an optimal value of the mass that corresponds to
the largest possible (with other parameters specified) value of the average velocity.

Vok
0.8

0.6

0.41 _
0.6 1 1.4 1.8 my

FIGURE 9. Graph showing the dependence Vj(mz) of the velocity
of motion of the roller racer with the control parameters (4.2). As
initial values of the mass and the moment of inertia of the second
platform we have taken the values (2.19)

4.2.2. Dependence of the velocity of motion of the roller racer on the friction
coefficient. Another parameter on which velocity V{, depends considerably is the
reduced viscose friction coefficients p (in this case we assume gy = po = p). This
is a parameter that can be determined experimentally and depends on the charac-
teristics of the materials of the wheels of the roller racer and the surface on which
it rolls.

Figure 10a shows numerically calculated dependences of the velocity of motion
of the roller racer on the friction coefficient V(i) for two different controls, with
N =0 and N = 5. As one would expect, the larger the friction coefficient, the
smaller the velocity of motion Vj.

From the transformation (4.1) it follows that the dependence Vo (T') with p fixed
is the same as Vy(u) with T fixed. Thus, if the reduced viscose friction coefficients
are predetermined (for example, in the experiment), to increase the velocity Vg, it
is necessary to decrease the value of period T, see Fig. 10b.

5. Experimental results

At the Laboratory of Mobile Systems (Kalashnikov Izhevsk State Technical
University), a prototype of the roller racer has been built using the equipment of the
Common Use Center of the Udmurt State University to verify the simulation results.

The values of the mass-geometric parameters were calculated from the 3D
model of the roller racer in the software product Solid Works (Fig. 11), see (2.19).

The motion of the prototype was performed on a plane surface. To film the tra-
jectory and to recover the relative angular position of the platforms, light-reflecting
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FI1GURE 10. Graph showing the dependence of the velocity of mo-
tion on the reduced viscose friction coefficients Vj () of the roller
racer for o« = 0.4 rad, pp = 0 and the parameters (2.19): a) for
N =0and N =5 with T = 1s, b) for N = 0 with T" = 0.5s
and T =1s

markers of the motion capture system VICON were placed on the large (1) and the
small (2) platform (see Fig. 11a).

In the experiments, account was taken of restrictions on the maximal relative
turning angle of the platforms. For this specimen, the maximal angular displace-
ment is a = 1.4 rad.

Furthermore, the torque curves and the speed performance of the servodrive
used are technically limited and allow turning the platforms with control at N < 6.

Another design feature that cannot be disregarded is the deviation of the ex-
perimental value of ¢y from the prescribed one. Specifically, in the course of
experiments, we obtained from the coordinates of the markers the small value
o ~ 1072 rad for the input value ¢y = 0. As shown above, this leads to a devia-
tion from the generally rectilinear motion.

In the course of experimental investigations, as in the course of simulations, a
comparison was made of the average velocity of motion of the roller racer, which
was reached by the prototype in the process of motion from the state of rest. In

P_kg

a)

FIGURE 11. a) 3D model and b) picture of the full-scale specimen
of the roller racer
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recovering the experimental trajectories of motion, the stage of acceleration was
not taken into account.

In addition, to exclude random factors such as the initial position and local
surface irregularities, for each set of control parameters and for each design of the
roller racer, a series of eight experiments were carried out. Later, for each series,
we calculated averaged values and the corresponding confidence intervals.

The experimental verification of the dependence of the velocity of motion of
the roller racer on the control parameters was performed for two configurations:
with parameters (2.19) and with additional weights on the second platform. The
corresponding parameters have the following values:

mo = 0.853 kg, as = 0.0015m, cs=0.044 m,

(5.1) B 5 _
Ips = 0.0077 kg - m?, by = 0.0078 m.

5.1. Straight-line motion. A typical trajectory of the straight-line motion
of the point of contact, P, of the platforms of the roller racer and the corresponding
variation curve of the average velocity of motion are shown in Fig. 12.

b) N =5, po=—0.0033 rad, u=0.32 kg/s

FIGURE 12. Comparison of the experimental results (black dashed
curves) and simulation (red solid curves) of the motion of the roller
racer for the parameters (2.19) and the control parameters a =
0.7rad, T =1s, N =0 (a) and N =5 (b). Left: trajectories of
motion. Right: the corresponding variation curves of the average
velocity of motion

The observed deviation of the experimental trajectory from generally rectilin-
ear motion is due to the above-mentioned deviation of the experimentally obtained
value of y from the prescribed value. Specifically, for the prototype under con-
sideration, at the prescribed value ¢y = 0 the experimentally observed value was
o = 0.0018 rad for N =0 and ¢y = —0.0033 rad for N = 5. This value was taken
into account in simulation, and, as can be seen from the pattern of the trajectory
obtained according to the simulation results, the trajectory repeats qualitatively
the experimental results.
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The value of the reduced viscose friction coefficients p shown in Fig. 12 cor-
responds to the theoretical curve and was chosen in such a way that the deviation
of the theoretical trajectory from the experimental one was minimal. We note
that, in practice, the process of determining the values of the coefficients of viscous
friction is rather time-consuming, and for an exact quantitative agreement of the
model it is necessary to carry out experiments for each pair of materials and for
each regime of motion. This is why in this paper we verified the agreement of the
experimental data with the theoretical data in the range of values of the coefficients
u=0.2—0.35 kg/s [29]. The tabular values of the rolling friction coefficient for
materials similar to those used in this paper lie in this range.

Local surges in the variation curve of the velocity (see Fig. 12, right) are caused
by errors of equipment, errors of differentiation of discrete data, and by local irreg-
ularities, which decelerate or accelerate the motion of the prototype in some path
segments. The behavior of the velocity of motion of the roller racer, including that
in the initial stage, before reaching a periodic solution, is in qualitative agreement
with numerical results.

1°. To verify the dependence of the velocity of motion along a straight line on
the control parameters (N and «), a series of experiments for the roller racer with
the parameters (2.19) and the following sets of control parameters were carried out:

1. N=0,T=1sfor a=0.7 rad and a = 0.9 rad;
2. N=5,T=1sfor a=0.5rad and o = 0.7 rad.

Figure 13 shows the results of the experiments and the numerically calculated
curves of dependence V(N, a) (see also Fig. 8) for values of the friction coefficient
corresponding to the boundaries of the above-mentioned range (shown as dashed
lined). In the chosen range of values of « (smaller than the optimal one at the
prescribed value of N) the obtained experimental results qualitatively confirm the
theoretical results: as the parameters of the control function, o and N, increase, so
does the average velocity of the straight-line motion of the roller racer. Note that
the experimental values, including the confidence intervals, lie inside the regions
bounded by the theoretical curves. This implies that the proposed model with
viscous friction provides an adequate qualitative and quantitative description of
the straight-line motion of the roller racer.

2°. To investigate the influence of the mass-geometric parameters on the ve-
locity of the prototype of the roller racer, a series of additional experiments were
conducted at N =0, T =15, po =0 a = 0.7 rad and a = 0.9 rad for the roller
racer with the parameters (5.1).

The corresponding experimental results shown in Fig. 14 confirm qualitatively
the theoretical results: as the mass of the second platform increases, so does the
average velocity of the straight-line motion of the roller racer.

The experimental values, including the confidence intervals, lie inside the re-
gions bounded by curves which correspond to the boundary values of the friction
coefficient. This indicates a quantitative agreement between theory and experi-
ment. The small confidence intervals (for example, at & = 0.9 rad and at the
parameters (5.1)) correspond to good repeatability of the experimental results.
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FI1GURE 13. Dependences of the velocity of motion of the proto-
type of the roller racer with the parameters (2.19) on the parame-
ters of the control function N and « with T' = 1 s (the experimental
values with confidence intervals are shown). The dashed line shows
the graphs obtained numerically for different values of the friction
coefficient.
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FI1GURE 14. Comparison of experimental and theoretical values of
the velocity of motion of the roller racer in the case of different
masses of the second platform for o = 0.7 rad (a) and o = 0.9 rad
(b), N =0,T =1s, ¢g = 0. The theoretical curves Vj(mz) (shown
as dashed lines) are plotted at the same parameters for two values
of the coefficients of viscous friction p = 0.2 kg/s and p =
0.35 kg/s.

5.2. Motion along a circle. A typical trajectory of the point of contact, P,
of the platforms of the roller racer along a circle and the corresponding variation

curve of the average velocity of motion are shown in Fig. 15.

The local oscillations in the variation curve of the angular velocity are caused
by surface irregularities, which decelerate or accelerate the motion of the prototype
in some path segments. The behavior of the velocity of motion of the roller racer,
including that in the initial stage, is in qualitative agreement with the numerical
results. The value of the friction coefficient p shown in Fig.
the theoretical curve and has been chosen in such a way that the deviation of the

theoretical trajectory from the experimental one is minimal.

15 corresponds to
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b) N=5, po=0.47 rad, p=0.34 ks/s

FIGURE 15. Comparison of the results of experiments (black
dashed curves) and modeling (red solid curves) of the motion of the
roller racer along a circle for the parameters (2.19) and the control
parameters o = 0.7 rad, T =1s, N =0 (a) and N =5 (b). Left:
trajectories of motion. Right: the corresponding variation curves
of the angular velocity of motion €, (t)
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FIGURE 16. Dependences of the angular velocity of motion 2
of the prototype of the roller racer with the parameters (2.19)
on the parameters of the control function N and o at T = 1
s (the experimental values with confidence intervals are shown).
The dashed lines represent the graphs obtained numerically at the
same parameters for different values of the friction coefficient.
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To verify the dependence of the angular velocity of motion along a circle on the
control parameters (N and «), a series of experiments were conducted for the roller
racer with the parameters (2.19) and the following sets of control parameters:

1. N=0,T =1s, pg=0.47 rad with a« = 0.7 rad and a = 0.9 rad,;
2. N=5,T=1s, 99 =0.47 rad with a = 0.5 rad and o = 0.7 rad.

Figure 16 shows the results of experiments and the numerically calculated
curves of dependence Vj(N,a) for values of the friction coefficient which corre-
spond to the boundaries of the above-mentioned range (shown as dashed lines). In
the chosen range of values of a (smaller than the optimal one at the prescribed
value of N), the obtained experimental results confirm qualitatively the theoretical
results: as the parameters of the control function, e and IV, increase, so does the an-
gular velocity of motion of the roller racer along a circle. The experimental values,
including the confidence intervals, lie inside the regions bounded by these curves.
Thus, in the case of motion along a circle (as in the case of motion along a straight
line) the proposed model with viscous friction provides an adequate qualitative and
quantitative description of the motion of the roller racer.

Conclusion

In this paper, we have investigated the controlled motion of a roller racer on a
plane depending on the control parameters and the mass-geometric parameters of
the system. It is shown that, for the chosen periodic control function, there exists
a bounded (along a circle) and an unbounded (along a straight line) motion of the
system. Unbounded motion corresponds to the resonant case which takes place at
zero average value of the control function.

It is shown that the average velocity of the straight-line motion increases with
decreasing period of the control function and with increasing rapidity of motion
(the maximal angular velocity of rotation of the platforms relative to each other).
Furthermore, for the prescribed mass-geometric parameters of the roller racer there
exists an optimal value of the amplitude « of the relative oscillations of the platforms
at which the average velocity of motion, Vj, is maximal. These dependences have
been determined theoretically and confirmed experimentally.

In this paper, it is shown experimentally that the model of nonholonomic mo-
tion chosen to describe the system and taking the viscous friction torque into ac-
count provides an adequate description of the observed motion. The trajectory
of the full-scale specimen of the roller racer is in qualitative agreement with the
theoretically calculated trajectory.

The design of the prototype of the roller racer used in the experiments allows
changes in the mass of the second platform. Also, the changes occur in the position
of the center of the system’s mass and in the corresponding moments of inertia. In
this paper, it is shown theoretically and experimentally that, as the mass of the
second platform increases to some optimal value, so does the velocity of motion of
the roller racer.

To optimize the design of the roller racer, it would be interesting to experi-
mentally investigate the dependence of the velocity of its motion along a straight
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line on the mass of the second platform without changes in its moment of inertia
and, alternatively, the dependence of the velocity on the moment of inertia of the
second platform without changes in its mass.

It would also be of special interest to optimize the design of the roller racer and
the control actions taking into account both the results obtained in this paper and
a possible switching of one or several wheels of the roller racer to the sliding mode.
This requires an analysis of constraint reactions arising at the points of contact of
the wheels with the plane of motion.
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TEOPUNJCKA "I EKCITEPUMEHTAJIHA ICTPAXKVBAIbA
KOHTPOJIMCAHOT KPETAIHLA POJIEP-PEJCEPA

PEUME. ¥V oBoMm pajy 6aBuMo ce Tpob/eMOM KOHTPOJUCAHOT KPEeTarhba PoJiep-
pejcepa o pasuu. [IpermocraBpamo Ja je yrao uamehy miardopMu gaTa Iepuoimd-
Ha dbyHKIMja BpeMena (ylpas/badka HyHKIH]a), & YCIOBU HEKJIN3aba (HEXOJIOHOM-
HO OrPAaHMYCHE) U CUJIe BUCKO3HOI TPEma Jeyjy y TadKaMa KOHTAKTa TOYKOBA U
paBHU. ¥ OBOM CJIy4ajy CBE TPAjeKTOPHUje PEIyKOBAHOI CHCTEMa ACHMIITOTCKHU TEXKe
K& IIePUOJINYHOM DeIlerby. ¥ OBOM PaJy MOKa3yjeMo J1a 3a U3abpaHy HePUOIIMIHY
ylpaBbadky (QYHKIMjy [IOCTOjU KpeTame CHCTeMa Koje je OrPaHuYeHO (Jy»K Kpy-
ra) u HeOrpaHu4eHo (IyzK npase). HeorpaHu4eHo KpeTame 0AroBapa pe30HaHTHOM
CIIy4ajy KOjHu Ce OJBHja IIPU HYJITO] IIPOCEYHOj BPEIHOCTU YIIPaBbadke (PyHKIH]E.
Wcrpaxyje ce Teopujcka 3aBUCHOCT IMyTame U Op3WHE pOJep-pejcepa O HerOBUX
napamerapa u napamerapa mzabpane yrupasibadke dynknuje. OBe 3aBUCHOCTH Cy
IOTBPhHeHe eKCIEePUMEHTAJIHO.
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