THE PLANE MOTION OF THE MONOWHEEL VEHICLE
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Abstract. The monowheel vehicle present a number of chadleng the designer and several compromises habve to
made in order to develop a functional one-wheeleliole. The present paper will detail the motiona@pns of the
monowheel in a plane motion.
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1. Introduction 2. The plane mation
The monowheel [1] consists of an inner frame2.1. Generalities
(1) and a wheel (2). The inner frame (1) has three  During the plane motion of the entire vehicle,
small wheels (4) that make contact with the wheethe inner frame (1) has a translation with the ent
(2). The wheel (2) is the actual rotating wheel andO, and the wheel (2) has a relative rotation about
has a solid rubber tire. The rider sits insideitimer  the Oz-axis.
frame that also contains the driving roller (3)e th Let us develop the equations of motion for the
engine, the clutch, the propulsion mechanism andectilinear motion of the monowheel vehicle. For
the petrol tank. this is made the assumption that the rider (see
Let us consider the following simplified model Figure 2) will not move any part of his/her body
from Figure 1: meaning that his/her centre of mass will remain in
the symmetry plane of the whole ring.

K
Figure 1. Simplified model

Here it is considered the following reference
frames in regards with our objective, to find the
monowheel equations of plane motion, as follows:
- the Qxoyo reference frame that is fixed;

- the Oxy transported reference frame that is”
contained in the wheel's symmetry plane (2),
having the Ox-axis always horizontal;

- the Oxy; reference frame that is solidary with the
inner frame (1), having axis passing

Therefore four cases will be studied:

- the vehicle is at rest, but very close to thetistg

point;
the vehicle starts and there is an accelerated

motion (with substantial acceleration);
- the vehicle has a steady plane motion;
- the vehicle decelerates.

After a short review of the theoretical part (see
; figures 3 and 4) and also [3], it can be noticeat th

through point D. for this one-wheeled vehicle, the emphasis of the

Having in mind the “Rolling Friction” chapter def bil ; h el ; h heel
covered in [2] that can be used as starting paint i eformability of each element from the wheel-
ground couple is very important for the well

the analysis of this particular rolling friction definiti ; h _
scenario, it can be observed that the rolling nmotio 9€finition of each motion state.
So, due to the fact that the ground as well as the

of the wheel (2) could be described merely an msid .
driven mechanical system. wheel is deformable, the contact appears on a
contact area.
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R reactionN applied at the theoretical contact paint
: we must introduce a couple besides it. This couple,
named rolling resistance coupleZ;, has the
following expression:

Cyr =sIN (1)

Figure 3. Wheel-ground contact area whereN is the normal reaction of the ground and
the arms represents the maximum value of the
displacement of the reactioN, in conditions of
i impending rolling motion, whilé represents all the
values comparable with

Figure 4. Wheel-ground contact surface

Inside the contact area, the pressures on the
wheel are asymmetrical distributed due to the
existence of the permanent eccentrigtgr | (see
Figure 5). These make the centre of the mass of the
whole mechanical system considered or of the inner
frame (1) to be able to oscillate on some circular
arcs of constant radii about the geometrical centr
i.e. the centre of mass of the wheel (2).

Figure 6. Asymmetric distribution of pressures

e2.2. Thevehicleisat rest, but very closetothe
starting point
In the first test case chosen for this vehicle, we
shall study the equilibrium equations when the
vehicle is at rest but very close to start to move.
Although this period of time, when the vehicle
equilibrium is changing, is very short but extreynel
important for this study, we will separate it irteo
different intervals:
a. the vehicle is at rest, far from the limit ofth
starting situation;
b. the vehicle is at rest but it got the limit diet
starting situation.

a. In Figure 6 it can be seen that there is an angle
Wo that defines the position of the inner frame (1)
relative to the vertical passing by O

This position is an equilibrium one, the
possible rolling moment defined bys{ + Gy)bo
being balanced by the rolling resistance couple,

the bp arm being much smaller than the distasce
Therefore there is the anglg only whenb = by.
The motion equations are the following:

Figure 5. Steady plane motion

N-G=0
Considering the specifics of the monowheel 3 _
vehicle, one might say that when this mechanical (G1+G2_)[b0 Crr =0 @)
system tends to rotate, it produces an asymmetric bp = elsinyg

distribution of these pressures (see Figure 6) and _ _ _
therefore the displacement of their resultant$o P€ing the angle between the vertical line and the

reaction. If conventionally, we shall represensthi mass centres’ line, corresponding to the rest case.
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b. Just like the bicycler pushes the pedal but the T-W-El =0
bicycle doesn't start yet (the moment exists big it

not strong enough), the monowheel is experiencing| N ‘(G1+G2):0
this too, meaning that there is a limit of equiliion, ((3.1+(32)[n)_c;rr -

andT just passed over the static equilibrium state. | _ ~ i o Y
This subdivision of rest implies the functioning W [{R-elCosp,) - F' R -elcospy)
of the driving leading pulley (3) without getting a —Jg [£5=0
armb > s. This means thaD<b< sgoverns the C =sIN
current test case. =S
The motion equations are the following: Therefore the angley,covers the b>s
T-(m+mp)@=0 scenario.
N-G=0 (Gl"'GZ)[b_Crr —W[(R—e[co&pa)—
. 3 i O =
(G1+Gy)b-Cyy —F' (R-eltospg)=0 ) ~F HR-elosps)- 252, =0=
b= elSinys = (G +Gp) BNy, - (G + Go) B -
Therefore the anglaps covers theb < s _G1+G EEQR—eEd:oqua)—
scenario, whers stands for start. The inertia force g9
F'in this case is very small. (8)
| ~W{R-eospy)-Jr 2 =0=a=
(G +Gy)b-Cy —F' ({R-eltoswg)=0 _ R
:>(G1+62)E3Binlps —(Gl+G2)|:$— = Glelsing, -Gs —W [ﬂR;egoalJa)
G{R-elEosp,)+2
~81*%2 R - ertosys) = 0= 1 ba)+
; | (49  =a=f(a)
—~a= (G1L+Gp) e sinys - 5) = whereW is the aerodynamic drag force.
(G1+Gz) (R -eltosys)
_ eBinPg-s B ( ) 2.4. Thevehicle has a steady plane motion
a= R-eltosys g=a=als This constant motion is possible at different
constant speeds, where> s anda = 0, the presence
a=0; for 0<Ws<yjm of aerodynamics resistance being also taken into
_eBinfig-s _ _ (5) consideration.
a= R-eltosps [g; for ws>Wijim In order to study this movement (see Figure 6),

i's been chosen a single coordinate position of

2.3. Thevehicle startsand thereisan acceler ated frame (1) using the anglf, where:

motion (with substantial acceleration) Wy =2 —(a+8) (9)
During theb > s case, the inner frame (1) has a 2
rotation motion to the wheel (2) due to the contact In this case, the inner frame (1) makes a
of the leading pulley (3) with the interior surfage  translation motion to the ground, and the wheel (2)

the wheel. is uniformly rotating about the inner frame (1).
Following this relative rotation motion, the The motion equations are the following:
arm will overrun the limit value of. T-W=0
a~ay=R*¢ _
_""2 _ (©) N-G=0 (10)
b=esinyg (G1+G2)b-Cyr ~WI{R-eltosy,)=0

Ya, being the angle corresponding to this case with
substantl_al a_ccelgratlon. _ plane motion.
In this situation we have to take into account Crr =SIN= Gy =51(G +Gy),
the aerodynamic drag force. rr=="" rr =sl{GL+G2);
The motion equations become the following: b=elsinyy; W =W(v)

Y., being the angle corresponding to the uniform

(11)
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(G1+Gy)ib-Cy ~-WI(R-elcospy,)=
=0= (G + Gp) e Binyy - (G + Go) [~
-W{R-eltosp,)=0=
= (G1 +Gp)eleospy - s) =
=W [{R-eltosp,)=
= (b-s),=(v)

(12)

2.5. Thevehicle decelerates

The 0< b < s case can be also divided in two
subdivisions for a better visualization of the
deceleration phenomenon:
a. the vehicle is experiencing low values of
deceleration;
the vehicle
deceleration.

b. is experiencing maximum

However, before presenting them, let
conclude the movements studied so far like this:

n
O<l|JO<L|Js<lIJu<lIJa<E

This inequality points out the relative position
that inner frame (1) can have about the frame, Ox
and so generating different regimes of motion.

For deceleration, the interval values for the
angleyyq, are:

Yy >Yq >0
Wy being the braking angle.

us

(13)

(14)

a. The first subdivision presents us the vehicle ,

along the decelerating motion of low values of
deceleration.
The motion equations are the following:

F'-T-w=0
N-G=0
(GL+Gp)b~Crp ~W{R-elEosyy)+
+F [{R-eltosyq)+Id 22 =0
g being the corresponding position angle.
(G1+Gp)b~Cyy ~WI{R-elGosyg)+
+F fR-eltosyq)+ 9@, =0=
(G1+Gp)tfs-elsinyq)
(61+G){R-eros )+ 2.9
W {R-eltosyq)
(G1+Go){R-eltos wg )+

(15)

+

(16)

+

Jo g
R

b. The maximum deceleration is determined by the
adherence value between the wheel (2) and the
ground.

The motion equations are the following:

(my +mp) Cap =T

N = (my +mp) g =0

- N [{s+eBinyp)+T {R-eltosPp) =
=0

s+elsinyp = pgyn [(R-elcosyp) =

=Yp = llJb(demS)
Figure 7 is describing the following:
5 = Vdlide
Vo
0<d<1
o =~
°7 G
T
G
where vsige IS the speed of the sliding point of
contact of the tyre andg is the speed of the centre

17

(18)

(19)

Hdyn =

Yof the wheel (2) — point O

a

#% dye

i
2012
Figure 7. Maximum deceleration

The maximum deceleration happens at
0 [0 0.12 meaning when the value @fis even
higher thanT at o, whered is the sliding speed
ratio, Ho is the relative rest an@lan covers the
dynamic situation.

3. Conclusions

As the objective of this paper was reached, it
can be seen that due to the displacement of the
overall mass centre of such vehicle, the problem of
the motion is quite challenging.

In further papers as well as in my PhD thesis
the results of a continued study about the unsteady
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