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ABSTRACT

In this paper we present the dynamic model of a bicycle with a balancer avaladtscing control.
A new configuration balancer that it can be use as a balancer or a #yiehifting the center of
gravity of the balancer is also presented. This balancer configuratitramyed according to the
situation of the bicycle system, which corresponds to the change of the dimearighe system.
Stabilizing bicycle with the flywheel has better performance than the balant#rcannot control
to shift the bicycle angle to track the desired value, unlike the balancer whitko this motion.
The balancer is configured as a flywheel, when disturbances to thensgstelarge, and it will
switch to the balancer when we want to shift the bicycle body angle. The siedpiifodel of the
bicycle with the balancer is derived from Lagrangian and nonholononmstraints with respect
to translation and rotation relative to the ground plane. The balancing tentterived based on
the output-zeroing controller. Numerical simulation and experimental reseltshawn to verify
the effectiveness of the proposed control strategy.

Keywords: Bicycle with Balancer Modeling; Balancing Control; Output-Zeroing; Ba&anc
Flywheel.

1 Introduction

Research on the stabilization of bicycles has been gained momentum ovet theckade in a num-
ber of robotic laboratories around the world. Modeling and control ofddés became a popular
topic for researchers in the latter half of the last century. The bicycle titess are comprehen-
sively reviewed from a control theory perspectivelhdnd in [2], which also describe interesting
bicycle-related experiments. A. L. Schwab et 8. developed the linearized equations of motion
for a bicycle as a benchmark and it is suitable for research or applicdticwell known that
the balancing control of bicycle with steering at zero or slow linear velociteiy difficult [4].
Thus, we are interested to stabilize the bicycle with the balancer that it canuslmcontrol the
bicycle at zero or slow linear velocity.

In this paper, we present the development of a bicycle with a balanceharshlancing control

in our laboratory. The first generation of the bicycle with balancer Urigas developed by M.
Yamakita in 2005 %] by using Lagrange dynamic equations and the balancing control used an
output function which is defined by an angular momentum and the new stat#fuis controlled

to zero. We reported the experimental study of automatic control of bicyitheabalancer in§]

and [7]. The cooperation control for stabilization of an autonomous bicycle with seering and
balancer was presented i8] and [9]. The results of balancing bicycle with a steering handlebar
and a balancer, it was shown that it has better performance than balaoaimol of a bicycle with
only a balancer. In order to control the bicycle in narrow place, we inwed acrobatic turn via



Figure 1. Bicycle with a balancer system.

wheelie motion that it can allow the bicycle turn on the back wheel at zero Nedacity as shown
in Fig.2 and it is presented inp]. This system is still in the development of experiment and we
will report the results in the future. In addition to extending those resultsl&mbiag the bicycle,

agittl plan
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Figure 2. Perform a wheelie on a bicycle with a balancer.

we propose a new balancer configuratit] [for stabilizing of an unmanned bicycle that it shows
in Fig.3. In Fig. 3 shows a bicycle experimental setup which has a new balancer configuoatio
it. This new balancer has two motors, one is a rotating motor which is used to ttotetalancer.
The another motor is a linear motor which is used to shift the center gravity dftlaacer. With
these configurations, we can use the balancer as a flywheel mode4éjigr a balancer mode
(Fig. 4b). The advantage of the flywheel is to stabilize the bicycle with large redistability.
The advantages of the balancer are to shift the bicycle body from édstatd to control the bicy-



(a) Flywheel mode (b) Balancer mode

Figure 4. Flywheel balancer configurations.

cle to follow the trajectory with high speed. This paper is composed of six ssctin section II,
we present a simplified dynamic model of the bicycle with the balancer. In sdéitiove discuss
control system design for stabilizing the bicycle. Numerical simulation andrerpntal results
are presented in section IV and V, respectively. The conclusionsiarmarized in section VI.

2 Bicycle with Balancer Dynamics

In this section, we will present a bicycle with a flywheel balancer modetdas an inverted
pendulum model. A detailed model of a bicycle is complex since the system hasdegrees
of freedom. The coordinate system used to analyze the bicycle is defifégl i5. We consider
the bicycle as a point mass with two wheel contacts with the ground, and ws&leotthe bicycle
and the balancer as a two link system where the first link is the bicycle bodsteithing and the
second link is the balancer. We will defineas the roll angle ang as the balancer angle. The
bicycle and the balancer parameters are shown in Table I. These paramete identified from
an experimental setup. The height of the balancer to the center of grayjtydries fromOm to



Table 1. The bicycle with balancer parameters

Parameter descriptions Par. Value
Bicycle mass m 45kg
Height of the bicycle center of mass h 0.5m
Moment inertia of bicycle at COG | I | 0.81kgm?
Distance between ground and balancer! 0.87m
Balancer mass my | 11.72kg
Moment inertia of balancer at COG| I, | 0.49kgm?>

0.14m and the balancer becomes flywheel wiigns zero. From 13], we can obtain the bicycle
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Figure 5. Coordinate system of the bicycle with the balancer.

with flywheel dynamics model as
My Mo o K, 0
L = + , 1
i e |[5]- [R5 ] @
wherer, is the balancer torque input and
My = I+ I +mh? 4+ my(h? + 12 + 2hpl cos(B3)),
My = Moy = I + hymy(hy + L cos B),

My = Ip+ hjmy,
Ky = hmgsina+ my(g(lsina+ hysin(a + 3))

+hylB(2¢ 4 B) sin B),
Ky = hymy(—1a%sinf + gsin(a + B)).

This gives us a simplified model that we can use to design the controllersfbrdycle stabiliza-

tion.



3 Balancing Control Algorithm

In this section, we design output-zeroing controller to stabilize the bicycle wivh#éel or bal-
ancer. The basic idea of output-zeroing controller is that an outputiéumis defined so that the
relative degree from input to the output becomes three and the zermatybecomes stable. Then,
the output-zeroing controller is designed. In this case, a new state isdléfere the new output
function is easily determined since the angular momentum is integrable for two.3yGtem.

3.1 Model of two-link system

By projecting the motion of the balancer &7 plane, the system can be considered as a two-link
system (Figg). In the two-link model, the bicycle body and steering handlebar constbedirst
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Figure 6. Two-Link System.

link and the balancer with the linear motor is considered as the second linlcofitrel! torque for
the system is only applied to the second joint of the balancer. We can findglaéaa momentum
L from the first row of equationl] as

L = Mud+ Mppf @)

= (dy +ds +2dycos B) &+ (d3 + da cos B) B,

where
di = I+mh?®+ml?
d2 = mblhb,
d3 = mbhl%—i—lb,

and it can be easily shown that the time derivativé. géist contains a gravity term df; and itis
calculated as

L = epsina+egsin(a+f), 3)
where
er = g(mh+myl),
es = gmphy.



Using the angular momentum expressed)) & new functiorp is defined to satisfy the following:
L = (dy + d3 + 2ds cos 3) p. (4)

From the equation abovg,can be determined as

B d3+dycosf
P a—i—/ﬁo dy + d3 + 2ds cos O )

whereC' is an integral constant and is determinedpas: 0 when the system is at the upright
position. UsingL andp, a new coordinate function= [p, L, 3, 5]” can be represented as

P L/(H(B))

L | Gp,ﬂ
s17 8 |7
I} 0

Up, (6)

_ o O O

where

H(B) = di+ds+2dycosp,
G(p,B) = ersin(p—w(B)) + ezsin(p —w(B) + B).

andw, a new input defined as, := /3.

3.2 Output-zeroing controller
For the system@), an output functiory is defined as
y =L+ aip, )
wherea; > 0 and it is controlled to zero since
y=0 —p=(-a1/H)p,

this zero dynamics is stable. Since L and p have relative degree of three ¢oritrol input, we
can easily determine a control input which attains the dynamics of the outpeitdo. By taking
third derivative ofy, we have

SO = 1O ap® ®)
R ©
L® = % (gjg) + % (gg) B+ ggub, (10)
po= o QHOOL, (1)
RO i(g)_i<@m§@L>5_@ﬁ§@L%. (12)

We can determine a control input which attains the dynamics of the outputdoras

y®) + agij + azy + asy = 0, (13)



andy converges to zero asymptoticallyd$ > 0, ag > 0, a4 > 0 are design parameters and they
are determined so that the above system is Hurwitz (other robust stabilamigls ofy can be
also used). By rearranging the equations fr@nd (13) and we can put it in the form

(G (OH/OB)L\ ' ( d [0G L d (9G - d (@
w= (52 "5") (alom) () oala) e

a1% (%—afﬂ) B — agij — asy — a4y) ;

We can define relationship between= [y, v, 4, p] = 0 andz := [«, 3, &, 5] whena; is not zero
anda, is zero. These relationship can be explained that wheis not zero them: = 0 implies
x = 0 locally. However, whem; is zero, thert = 0 implies thato, 5, and S are all zero bug is
not zero.

4 Numerical Simulation

The simulation is conducted on an Intel Core 2 Duo, 2.2GHz, 2GB RAM comparid all sim-
ulations were performed in MLAB using a fixed step-sizms. In order to see the robustness
of the controller and a new proposed balancer, we add some white ndiséisardynamic model
and we perform several numerical simulations. The limitation of the contrat iiop the balancer

is set tol00[Nm]. For simulations to be use more easily and more efficiently it is important that a
Graphical User Interface (GUI) should be is well functionalaiMag has the power of handling
large amounts of data and performs necessary calculations and is theaejood platform for

a GUI. We create bicycle graphic user interface as in figur@he specifications for the most
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Figure 7. User interface for a bicycle with a balancer simulator.

important content of the GUI are listed as follows:

e The GUI should handle all necessary preparations before the simulBliiferent body of
bicycle profiles, steering and balancer are provided.



e Changes to the bicycle with balancer specific parameters, e.g. bicycle tasimbicycle
length to COGh, distance from ground to the balanderhorizontal distance from rear
wheel contact point to CO@G bicycle wheelbasg, bicycle head anglg, moment inertia of
the steering mechanisihs, bicycle initial angle, bicycle initial potion, balancer massg,
balancer length to COG,, balancer moment inertig,, balancer initial angle, ... etc should
be possible.

e Selecting modes, balancer, flywheel or flywheel balancer, fix the talgaint, steering
handlebar and back wheel.

e Data and parameter values in specific files must be saved, The GUI sleuloesable to
handle a list of separated data.

The nominal parameters of the bicycle with balancer and range of adjustdbés are shown in
Tablel. The parameters of the bicycle were identified from an experimental setup.

4.1 Stabilizing the bicycle with a balancer
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Figure 8. Bicycle stabilization with the balancer

In this simulation, the balancer is used to stabilize the bicycle and the heightawtiter gravity of
the balancer is set tg, = 0.14[m]. The control parameters are seuto= 40, as = 10, a3 = 15,
andays = 15. The initial angles of the bicycle and balancer are setjo= 5° and 5, = 0°.
Fig.8a shows the roll angla and roll angular velocityy versust and they converge to the upright
position in5[s]. The balancer anglg and the balancer angular velocifyare shown in Figb.



The maximum torque to drive the balanceBiNm] and it is shown in Figc. The balancer can
stabilize the bicycle within the roll angk. If there are some disturbances that make the bicycle
angle larger thag®, thus the bicycle cannot be controlled by the balancer. The good paihé of
balancer is that we can control the bicycle angle to track the desired V&ilgl®.shows that the
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Figure 9. Tracking desired bicycle angle

bicycle angle tracks the desired value. Bagshows the roll angle: and roll angular velocity
versust. Fig.9b shows the balancer angleand balancer angular velocityversust. From these
figures, we can see that from the time- 15[s] to ¢ = 30[s] the bicycle angle tracks the desired
valuea, = —3° and from the time = 30[s] to ¢ = 40[s] the bicycle angle track the desired value
ag = 3°. When the bicycle angle tracks to the desire value, the balancer will skifhalal in
some position to keep the bicycle stability.

4.2 Stabilizing the bicycle with a flywheel

In this simulation, the balancer is configured as the flywheel. Thus, thedealesrotated around
the center of gravity and the height of the balancer to the center of gravgragh, = 0). The
control parameters are setd9 = 0, as = 10, ag = 15, andays = 15. The initial angle of
the bicycle is set tayg = 10°. Fig.10a shows the bicycle angle and angular velocity: versus

t. It is shown that the bicycle angle is converged to the upright position witfsh 4ig.10b
shows the flywheel anglg and angular velocity3 versust. From this figure, we can see that the
flywheel angle is not converged to zero, but the flywheel angulacitglis converged to zero. The
maximum torque for the flywheel 85[Nm] that is shown in FiglOc. When the flywheel angle
does not converge to nearly zero, we cannot control the length oatheder to the balancer mode.
If we control the length of the flywheel to the balancer mode when the posititre flywheel is
not nearly zero, the balancer will move very fast and the system willheamstable. Thus, we
modified the control parametets = 40, as = 10, ag = 15, a4 = 15 to make the balancer angle
move around zero. Since the parameters not zero, the flywheel angle will slowly converge to
zero and it is shown in Figl.
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4.3 Stabilizing the bicycle with flywheel balancer

Since the flywheel and the balancer have different advantages Iilizitey the bicycle, we used
both to stabilize the bicycle. The flywheel mode is used when the disturbamtes system are
large or the system at startup mode and it will switch to the balancer mode whegstem is in

the stabilizable region with it. In this simulation, we used the same paramagtets40, as =

10, az = 15, anday = 15 for both flywheel and balancer modes. First, the bicycle system starts
up with the flywheel mode and then after some certain of time the system is staileyétslowly
control the position of the balancéy from 0 to 0.14[m] as shown in figurd2c. From the time

t = 20[s] the bicycle will track the desired bicycle angle value and it is shown irrdigQ.
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Figure 12. Bicycle stabilization with the flywheel balancer

From this figure, we can see that the new balancer configuration werkswell with the output-
zeroing controller.

5 Experimental Results

In order to see the validity of the proposed method, some experiments usiad) system were
conducted. The base system is a commercial available bicycle and we dizands configuration
balancer which can move in a lateral plane and can keep the balance wiyitie bystem as shown
in figure 3. An inertia measurement unit CROSSBOW IMU 420C is also attached to thddicyc
This sensor detects roll angle and roll angular velocity of the bicycle. nibst important part
in this bicycle system is control processor unit that it has embedded mathed BC104 from

11



Advantech model PCM-3350. This system can implement, run XPC targetamchunication
with the host PC. Beside this mother board, we need I/O interface boardnimenication with
actuator, sensor and control panel box. The sampling rate of the benis®[ms]. The details of
bicycle hardware system is shown in figur& In order to implement the bicycle robot, we make
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Figure 13. Bicycle hardware system

an control flowchart for safety and prevention from the unstable sysigring the experiment.
This flowchart is shown in figur&4. The control flowchart for the safety and accident prevention
have been designed to be simple to use. It consists of a power on switchethaumrthe panel box
as well as an emergency switch and three switches for enable or disableodthe motors. When
turn on pc, the control system will calibrate the sensors. Once the “Réghyturn on, the user
can simply lift the bicycle and balancer near the upright position. When sk po start button,
the bicycle will automatically stabilization at the upright position. In case the ldcgogle is
larger than about5° or steering angle- 80°, the control system will automatically switch off the
driver motor. The battery voltage permanently monitor by the control systezouple of minutes
prior to their being completely discharged, the battery status on the panetayilttsned on the
red light. As soon as the batteries reach their minimal voltage, the PC will tuautdmatically.
The bicycle robot can be control to move via host PC or via remote control.

5.1 Balancing control of the bicycle robot with balancer

In this experimental study, we perform two different configurationsal&ibcer, first we fix the
balancer length to the COG at maximum length= 0.14[m] and then we fix the balancer length

to the COG at the middlé, = 0.07[m]. For the first configuration of the balancer, the control
parameters are setting ag = 40,as = 15,a3 = 10,a4 = 10. Figurel5 shows the roll angle
and balancer angle versus From these results, we can see that the bicycle equilibrium angle
is not zero degree that it will make the balancer shift to the reverse sidiae Iconfiguration of

full length of the balancer, high input torque is required to move the balamkwe need to set
the parametet; to be large. If we set the parameteartoo large the vibration from the flexible

12
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Figure 14. Control flow chart for bicycle robot.
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Figure 15. Experimental result of the bicycle stabilization with dgvecer mode in full length.

bicycle frame will come out. We need to set an appropriate control parasrdteend on the
balancer configuration change. Next the control parameters for tomdeonfiguration of the
balancer are setting ag = 20,a2 = 12,a3 = 10,a4 = 10. When the length of the balancer to
COG decreased, the parametemust be decreased to avoid the vibration from the bicycle frame.
The amplitude of the roll angle (Figuldd(a)) is also decreased but the balancer moves larger than

the full length balancer as show in figuté(b).

5.2 Balancing control of the bicycle robot with a flywheel

In this subsection, we use an experimental setup for stabilizing the bicycldlyvitheel mode.
Figure 17 shows the experimental results with the parametgrs= 38,a2 = 16,a3 = 14 and

a4 — 13.

5.3 Field test

In disaster areas, road condition is not so good, because many dabrigdles are on the roads.
Rescue robots need to travel under such condition. To determine howhieigbbot can go over,
we made this bicycle robot drive on a bumpy road. The bumpy road hassbfnop 5 mm
to 60 mm high. The bicycle robot could run smoothly. Fig@fshows this test. From these
experiments, we can see that the bicycle stabilization with flywheel mode werksvell. We
also attach the movie of this experimental results.
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Figure 16. Experimental result of the bicycle stabilization with darecer mode in half
length.

6 Conclusions

The bicycle with balancer model and its balancing control have beenrnpeeseA new balancer
configuration attaches with the bicycle is fully working and we also validatedxpgrimental
setup. From the simulation results, the stabilizing bicycle with flywheel has lpttésrmance
than balancer but it cannot control to shift the bicycle angle to track tegedevalue, unlike
the balancer which can perform this task. Since the flywheel and thedealhave different
advantages for stabilizing the bicycle, we used both to stabilize the bicycteflyiheel is used
when the disturbances to the system are large or at startup mode and ititali smthe balancer
when the system is in the stabilizable region with it. Experimental validation of théizstion

of the bicycle with the flywheel balancer and the straight running underpluroad are also
presented. In the future work, the advantages of balancer mode dfetddted in several cases,

e.g., turning corners with high speed.
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