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ABSTRACT A comprehensive and a deep analysis on how to stabilize an urban semi-autonomous bicycle
was carried out. Its more relevant aspects are presented in this paper. The resulting stabilized bicycle is
intended to serve as a future evolution for the current bike-share programs. This bicycle would go to meet
the user autonomously, and after that it could be used by the rider in the traditional fashion. Therefore,
the resulting system must be stable throughout the entire operating speed range and must be rideable by
a person when used in manual mode. A study of bicycle dynamics and stability control has led the way
followed throughout this investigation. Consecutively, all the examined aspects are applied to introduce a
few alternatives for solving the stability problem. One of them, the Alnilam concept, is further developed
to unveil its possibilities. Furthermore, it has been successfully tested in a multibody co-simulation using
Adams and Simulink, thus illustrating its behavior and testing its performance. The results of this simulation
are very promising and encouraging to further develop this concept.

INDEX TERMS Bicycles, control design, stability, simulation, transportation.

I. INTRODUCTION
The stability of bicycles is an issue that has scarcely been
understood in dynamics and is a commonly ignored problem.
After two centuries of debate and unfinished modeling, new
researches are paving the groundwork for increasing studies
regarding this issue.

Throughout the last few decades, some researches have
appeared thanks to new dynamics models and to the computa-
tional power available nowadays. Their purpose is to propose
and test different alternatives to stabilize a bicycle. Despite
their common goal of making a bicycle stable, they propose
a wide variety of applications for their stabilized bicycles.

Although there have been numerous investigations regard-
ing this aspect, the problem still seems to be unsolved. The
designed systems are mostly only for autonomous purposes,
making the bicycle unrideable by a person. Moreover, there
is a lack of an integrated solution that allows the system to be
stable throughout the entire operating speed range.

In this study, the stability problem is addressed to propose
feasible approaches mainly from the hardware point of view.
The approach taken must consider the speed range and its
rideability.

The stabilized bicycle introduced in this paper is intended
to be used as an urban semi-autonomous bicycle. Such system
could be fully autonomous when going to pick up a rider and
fully manual while being used by them.

This bicyclemay be able to attend the demand of customers
right in place, both when they start their commutes and when
they end them.

The user of this system would just request a bicycle using
their smartphone and the nearest one would come to meet
them. After their commute, the user would leave the bicycle
wherever they finish it, so that it would be available for
the next nearest user. Such system makes a better match
between offer and demand, thus improving current bike-share
programs.

A deep study of bicycle dynamics and stability control is
mandatory for proposing feasible solutions that meet all the
requirements of the system.

II. BICYCLE DYNAMICS
Bicycles have been a difficult problem for dynamics since
their invention back in 1817. Understanding the behavior and
the stability of these systems is still an unsolved issue, but it
is far nearer than a few decades ago.

The main action to stabilize a bicycle is still that which
Rankine [1] mentioned in 1869 and some authors refer to it
as the ‘‘steer into the fall’’ action. By turning into the fall,
a centrifugal force is created that opposes the gravitational
force due to the lean angle.

This action could be done by the rider but it could also be
carried out by the bicycle itself as a complex and scarcely
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understood result of its dynamics. This phenomenon is called
self-stability.

In [2] and [3] there can be found comprehensive reviews of
these topics and useful references to other important studies
in this field.

A precise and robust dynamics model of the bicycle is
needed for both the design and simulation phases. The chosen
model was that described by Meijaard et al. [4] which is a
very precise and experimentally validated model [5]. This
so-called Whipple model – based on Whipple’s work back
in 1899 [6] – consists of four rigid bodies connected to each
other by hinges, the four bodies being the rear frame, the rear
wheel, the front wheel and the front frame.

The resulting model has 25 geometry and mass parameters
and three degrees of freedom: forward speed v, lean rate ∅̇
and steering rate δ̇. The final equations are linearized for
small perturbations of the upright steady forward motion with
[∅, δ] = [0, 0].

The dynamics of the lateral and the forward motion are
decoupled, the forward speed being constant. At a forward
speed v, the linearized lateral dynamics equations are

Mq̈+ vC1q̇+
[
gK0 + v2K2

]
q = f (1)

where the time-varying variables are q = [∅, δ]T , the gen-
eralized torques f =

[
Tφ,Tδ

]T and with M, C1, K0 and K2
being constant matrices.

FIGURE 1. Whipple bicycle model parameters [4]. The four rigid bodies
are represented by H, F, B and R. Other parameters are the wheelbase w,
the steer axis tilt λ and the trail c.

A design application of this model was carried out by
Kooijman et al. [7], checking the ‘‘Supporting online text
material’’ is strongly recommended to understandmore about
the Whipple model and its characteristics.

With the linearized Whipple model, it is very useful to
obtain the eigenvalues of the system with respect to the for-
ward speed. In this way, the stability issues and the behavior
of the system are observable through its eigenvalues and
eigenmodes. As explained in [4], four eigenmodes are the

most common and it is important to understand their behavior
in order to solve the stability problem.

FIGURE 2. Eigenvalues with respect to the forward speed for the
benchmark bicycle [4]. A self-stable behavior appears between the
weave speed vw ≈ 4.3 m/s and the capsize speed vc ≈ 6.0 m/s. The four
different eigenmodes of the system are also observable.

First, at near-zero speeds, there are two pairs of real eigen-
values corresponding to an inverted pendulum-like falling.
Then, the castering mode is dominated by steer in which the
front ground contact follows a tractrix-like pursuit trajectory.
Finally, the most important are the weave mode and the
capsize mode.

Steering sinuously about the headed direction with a phase
lag relative to leaning is the characteristic behavior of the
weave mode, while in the capsize mode it is dominated by the
lean and, when unstable, makes the system lean progressively
until it falls over.

Fig. 2 shows how from v ≈ 0.7 m/s, the oscillatory
weave motion emerges. Unstable first but stable between the
weave speed and the capsize speed, this motion leads to a
mildly unstable phase when the capsize eigenvalue crosses
the origin.

In conclusion, the uncontrolled bicycle shows an asymp-
totically stable behavior between the weave and the capsize
speed, in which all eigenvalues have negative real parts.

III. STABILITY CONTROL
Throughout the last couple of decades, there have been many
attempts to make a stability control for bicycles. Different
strategies have been used but no one seems to have come up
with a full solution to the problem.

Only a few researches appear to be near to the solution.
Unfortunately, the resulting system is neither a bicycle that
could be used by a rider nor is it stable for the entire operating
speed range.

Schwab and Meijaard [2] make a very comprehensive
review of stability control and rider control, with useful
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references both to rider actions and to stability control
strategies.

Basically, there are three main strategies that have been
used to control the stability of a bicycle.

A. STEERING
The first strategy is a steering control, with two different
approaches: a steering torque control and a steering angle
control. This control strategy seems to be themost natural and
convenient, since it is the one that humans mainly use [8].

The principal limitation of this steering stability control is
the forward speed of the system, as can be observed in [9]
when the feedback gains go asymptotically to infinity when
approaching a forward speed of v = 1 m/s.
This seems logical when thinking about the physical prin-

ciple behind the stabilization effect of the ‘‘steer into the
fall’’ action which is creating a centrifugal force. Therefore,
the lower the speed, the less centrifugal force is created.

It can also be noticedwhen looking at the eigenvalues of the
uncontrolled system with respect to the forward speed, as in
the first range of speeds it shows an inverted pendulum-like
falling behavior.

Nevertheless, with enough forward speed the steering con-
trol has shown very promising results both in simulations [9]
and in experimental tests [10], and also in unstable and in
self-stable speed ranges [11].

Despite the results, most of the tests on this steering sta-
bility control have been carried out at constant speeds or in
very short speed ranges. Moreover, they are only valid for
speeds higher than around 1 m/s, due to the above-mentioned
reasons.

An illustrative and very advanced proof of the capabili-
ties of such stability control was carried out recently at the
Tsinghua University in China.

B. MOVING MASS
The second control strategy consists of using a moving mass.

It is commonly believed that the inverted pendulum-like
movement of the rider’s body is one of the main stabilization
strategies used by human riders. However, almost all the
research made in this regard agrees that this body movement
plays quite an insignificant role in stabilizing the bicycle [8]
and that riders hardly ever use it.

Therefore, this strategy is intended to stabilize the system
with no speed or very little speed, as it is done to stabilize an
inverted pendulum.

Two different approaches have been used in this stabiliza-
tion strategy: a balancer and a flywheel.

Keo et al. [12] experimentally tested a bicycle-like system
with a device that can be used both as a balancer and as a
flywheel. The superior performance of the flywheel over the
balancer is proven.

Apart from the appropriate speed range, the main problem
with this kind of systems is that they are very invasive. This
aspect normally makes them unusable for the rider.

C. ACTIVE GYRO
The last stabilization strategy consists in the use of an active
gyro. As in the previous strategy, this is intended to control
the stability at zero or near-zero speeds.

Just a few studies have tried this strategy [13], [14] and
while giving decent experimental results, large and invasive
assemblies were required.

D. SUMMARY
To sum up, there has been a lot of proposals tested to control
the stability of a bicycle.

When there is enough forward speed, the problem seems
to be solved with a steering control, but there are more
reasonable doubts when it comes to lower speeds.

In order to solve this problem and obtain a fully stable
bicycle, while maintaining its capability to be normally used
by a rider, it seems to be necessary to implement a system that
combines several strategies.

Such systemmust be able to stabilize the machine through-
out the entire operating speed range while, at the same time,
being as less invasive as possible to allow riders’ normal use.

It is also important to pay attention to the role of the control
algorithms that are used in each stability control strategy,
as they can greatly improve the performance of a given hard-
ware solution.

IV. SOLVING THE STABILITY PROBLEM
Themain goal of this investigation is to propose feasible solu-
tions to the stability problem of bicycles while maintaining
their capability to be normally used by a rider.

Two possible solutions are introduced but not further devel-
oped after a preliminary study in which neither the proper
performance nor the right implementation were found. The
first is a bicycle with drone-like air propellers in the main
frame creating lateral thrust to maintain the bicycle in the
vertical position when the forward speed is low or zero.

The second consists of a bicycle with a wheeled retractile
arm support system that maintains the vertical position of the
bicycle while in zero or low speeds. In both cases, a steering
control would take care of the stability at higher speeds.

A suspension-like system to allow some leaning while
turning with the support system deployed and a lightweight,
reliable and fast retraction/deployment mechanism are the
main issues of this solution.

Nonetheless, this paper focuses on another solution for the
stability problem, a combination of a retractile flywheel sys-
tem and a steering control. In this case, a retractile flywheel
will take care of the stability at zero or low speeds and as it
is retractile it will allow the rider to use the system as usual.
At higher speeds, the steering control will be in charge of the
stability control with the flywheel steady but ready to be used.

This proposed system, from now on called Alnilam,
presents a few challenges that will be addressed in the fol-
lowing sections.
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A. THE CONCEPT OF ALNILAM
Here, the introduced concept will be further developed to
test its possibilities and feasibility. The Alnilam bicycle will
include a retractile flywheel to stabilize the system while it
has the inverted pendulum-like behavior.

1) RETRACTILE FLYWHEEL
The flywheel will have a double-arm geometric configura-
tion consisting of two rotating prismatic bodies that may be
governed by either two actuators, or by one actuator and a
coupling system.

When the flywheel is retracted into the bicycle’s frame
these two bodies must be firmly attached to the frame. When
deployed, they have to be coupled with each other to create a
flywheel-like motion.

FIGURE 3. Sketch of the proposed conceptual design of the retractile
flywheel system. In black is the retracted configuration with both bodies
side to side. The deployed configuration appears in blue, the actuated
body rotates 180◦ and couples to the other body. This coupled situation
makes a flywheel-like system.

Considering that the one-actuator option is the best, many
alternatives are available for making the coupling mechanism
between the two bodies. A clutch would be a possibility
but the one proposed here consists of a translating slender
cylinder, actuated by a servomotor.

FIGURE 4. Simplified rendered image of the coupling system when the
flywheel is retracted and when it is deployed.

This system would attach the non-actuated body to the
frame when the flywheel is retracted and would couple both
bodies when the flywheel is deployed. Another advantage of
this possibility is that the coupling system would be embed-
ded in one of the flywheel arms.

2) MASSES AND DIMENSIONS
To have a preliminary design of the proposed system, approx-
imated dimensions and masses are necessary so that a simpli-
fied 3D model can be made for simulation purposes.

Overall dimensions of the Alnilam bicycle are chosen con-
sidering other urban bicycle designs, the ergonomics and the
position of the rider.

Designing a bicycle with the proper reach-stack ratio and
adequate component dimensions are aspects with a great
impact both on ergonomics and maneuverability.

A list of bicycle maneuverability and stability referenced
experiments can be found in Table 1 [2].

TABLE 1. Main overall dimensions.

The simplified system consists of 5 bodies: the main
assembly, the front assembly, the front and rear wheels, and
the pedal assembly.

As can be seen, this is very similar to the structure of
the Whipple model, but introducing the pedal assembly as
an extra element because of its importance while studying
the interference between components. A set of masses are
supposed considering the characteristics of each assembly.

TABLE 2. Main overall masses.

All masses are an assumption based on the elements that
should be on each assembly. In the main assembly, there
may be batteries, an actuator and the control electronics.
Therefore, its mass will depend very much on the necessary
autonomy of the system. In the front assembly, there should
be some sensors and there may be an actuator for the steering
control.

The difference between the mass of the front and the rear
wheel comes from the electric motor being on the front wheel.

3) MODEL AND SIMULATION OF THE FLYWHEEL
In order to estimate the performance and the necessary char-
acteristics of the flywheel system, a model of an inverted
pendulum with a flywheel is used.

The model is derived using Lagrangian mechanics in a
similar way to the derivations in [15] and [16].
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FIGURE 5. Inverted pendulum with flywheel diagram. φ is the lean angle,
θ̇ is the rotational speed of the flywheel. Ip and Mp are the mass
properties of the pendulum’s CG and Iw and Mw are those of the
flywheel. Lp and L1 are the length of the pendulum and the distance
between the center of rotation and the pendulum’s CG.

Linearizing the model around the vertical position of the
system, the two following coupled equations are obtained,

(α1 + Iw) · φ̈ + Iw · θ̈ = α2φ − C1φ̇ (2)

Iw ·
(
φ̈ + θ̈

)
= T − C2θ̇ (3)

where,

α1 = mPL21 + Ip+ mwL
2
p

α2 = g ·
(
mPL1 + mwLp

)
With T being the flywheel torque, and C1 and C2 being

dissipative constants.
The model is now transformed into its state space form

to design a controller and simulate various situations with
different flywheel properties.

ẋ = Ax + Bu

x =
[
φ, φ̇, θ, θ̇

]T
; u = [T ]

A=



0 1 0 0
α2

α1
−
c1
α1

0
c2
α1

0 0 0 1

−
α2

α1

c1
α1

0 −
(α1 + Iw)
α1 · Iw

· c2


; B=



0

−
1
α1

0

α1 + Iw
α1 · Iw


(4)

For simulation purposes, a model of an inverted pen-
dulum with a prismatic-type flywheel is created in
Simscape/Simmechanics R© (Simulink R©).

A full-state feedback LQR is designed to control the fly-
wheel’s torque of the multi-body plant. With the mass of the
entire system but the flywheel as a property of the pendulum
and the height of the CG as if it were the bicycle, a fewmasses
are tested for the flywheel.

The LQR is chosen and maintained after a few tests so that
the only difference between simulations is the actual mass of
the flywheel. The Q and R matrices are:

Q =


100 0 0 0
0 10 0 0
0 0 1 0
0 0 0 1

 ; R = [0.1] (5)

The length of the flywheel arms is chosen not to be higher
than handlebar’s length, preventing the system from hitting
external bodies.

In addition, the moment of inertia of the flywheel arms
is calculated to be conservative. This allows improving this
aspect without adding weight to the flywheel by positioning
the CGs of the arms farther from their center of rotation.

Two types of simulations were carried out with a range of
flywheel weights from 5 to 10 kg. One is a step impulse in
the lean angle whereas the other is a white-noise perturbation
also in the lean angle.

FIGURE 6. Simulation results of the inverted pendulum stabilization with
a prismatic flywheel. The first two are the inclination angle response to a
step perturbation and the comparison between a flywheel with
5 and 10 kg of mass. The following two are the torque introduce
in the flywheel by the LQR control and its comparison between the
two flywheel masses.

As was expected, both flywheel masses are able to stabi-
lize the system. However, there is a difference of 1◦ in the
maximum inclination value between them.

Regarding the torque, it can be observed that in the case of
a 10 kg flywheel, its signal has less noise, is more constant
and cleaner.

In the white-noise perturbation simulation, the results point
to a similar conclusion. They show a little more inclination
when the mass of the flywheel is smaller and a little more
noise in the input torque.

For the concept design, a flywheel mass of 7.5 kg is chosen,
as it is in a mid-range between the simulated ones and quite
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feasible for the proposed concept bicycle. This flywheel mass
makes an equivalent moment of inertia of 0.1501 kg · m2,
which could be reached with less mass.

4) OVERALL DESIGN
In regard to the position of this double-arm flywheel, it is
important to consider a few aspects.

Its center has to be near the vertical of the system’s CG to
make the flywheel more efficient in stabilizing the bicycle as
it would be in the ideal case of a simplified inverted pendulum
model.

Moreover, a separation has to be kept to the handlebar to
allow the necessary range of steering angle without colliding
with the flywheel.

In addition, more considerations need to be taken such as
leaving space for the flywheel motor and avoiding interfer-
ences with the seat and the down-tube.

FIGURE 7. Rendered image of the flywheel position in Alnilam’s 3D
concept model.

A 3D model of Alnilam is made with all these properties
and a few aesthetic aspects. The purpose of this 3D model
is to obtain the inertial properties of the bicycle to introduce
them into the linearized Whipple model and calculate the
hypothetical behavior of the system.

Furthermore, the geometrical and inertial information of
this 3D model will be used to simulate the system in a multi-
body dynamics software.

As can be noticed, the main frame is covered allowing it
to have the batteries and the necessary hardware protected as
well as the retracted flywheel integrated.

The design of the flywheel arms is a concept of a geometry
that optimizes the moment of inertia with respect to the
weight.

An important issue that should be considered in more
advanced development phases is the proper lateral shape of
these flywheel arms regarding their aerodynamics. As these
bodies are going to rotate like a fan, it would be convenient to
study the aerodynamic perturbations created by their rotation
and try to minimize the rotating drag these arms will create.

For theWhipple model of Alnilam, the JBike6 is used. This
software is available online thanks to Schwab et al. [17].

FIGURE 8. Alnilam’s concept 3D model picture. Here the flywheel is
retracted and the bicycle is supported by the kickstand.

FIGURE 9. Alnilam’s concept 3D model picture. Here the flywheel is
deployed so the kickstand is retracted.

Filling the geometric and mass properties of Alnilam in the
software, the open-loop eigenvalues versus the forward speed
plot is obtained.

Although the system is never self-stable it is mildly stable
for speeds higher than 4.5 m/s. Making some little adjust-
ments in the positions of the CG of the different assemblies
is quite easy to give it a self-stable zone.

Nevertheless, the priority in this respect would be to
decrease the weave speed due to safety and handling related
issues.

Despite the fact that the relationship between the handling
and maneuverability, and the self-stability has never been
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FIGURE 10. Eigenvalues of the open-loop linearized Whipple model for
the Alnilam concept with respect to the forward speed. As can be seen,
there is no weave or capsize speed as the system is never self-stable.

proved [2], the more stable the system is, the less stability
control effort the rider has to undertake.

The operational speed in urban cycling commutes is
between 16 and 18 km/h [18], which is a speed of around
5 m/s. Taking into account the average operational speed and
the risks of an autonomous-driven bicycle, the top operational
speed of the range of such system would not be much higher
than 5 m/s.

In addition, it must be considered that the autonomous part
of the operation should be short if there are enough bicycles
throughout the city.

V. SIMULATION
Simulations were carried out in order to test and illustrate
the possibilities of the Alnilam concept. For these simula-
tions, Adams R©, a multi-body dynamics software, was used in
co-simulation with Simulink R©, a control software.
The plant was created in Adams/View R© exporting the

geometries from the 3D model and configuring the inertial
properties. A pair of modified Adams/Car R© motorcycle tires
were added to allow the proper movement of the bicycle.

The modifications were made focusing on its geometric
properties and its dynamic behavior by modifying its Pacejka
coefficients [19] to adapt them to the weight of the bicycle.

With all the proper joints and markers, the plant is exported
as a controls plant specifying its inputs and outputs, to be
controlled by a Matlab/Simulink R© program.

A. CONTROL
A control program was developed in Matlab/Simulink R©

using the above-mentioned model as the controlled plant.
The control system has two feedback threads, one for the

flywheel control and the other for the steering control.
First, the flywheel control has two different algorithms

depending on whether it is controlling the stability of the
system or just its position.

If the system is in the speed range in which the flywheel is
in charge of the stability, a full-state feedback LQR control is
active. This LQR is based on that designed with the inverted

FIGURE 11. Picture of the concept model of Alnilam in Adams/View R©.
Notice that the wheels are different with respect to the 3D model
because of the implementation of the Adams/Car R© tires.

TABLE 3. I/O for the Adams R© controls plant.

pendulum plus flywheel model described in the previous
chapter.

On the contrary, if the system is in the speed range in which
the stability is controlled by the steering, a full-state feedback
LQR was designed to put the flywheel in its neutral position
and maintain it there. This is also done at a low speed and
with a low torque to minimize disturbances in the stability of
the system.

Regarding the steering control, it also has two different
control algorithms.

On the one hand, when the system’s stability is controlled
by the flywheel, the steering control is just a position control.
This allows turning the bicycle in the simulation when
the flywheel stability control is activated, thus testing its
capabilities.

On the other hand, when the bicycle’s stability is controlled
by the steering torque, an intuitive control is active. This
intuitive control was proposed by Schwab et al. in [9] and
it is based on the ‘‘steer into the fall’’ principle governed by
the expressions, Tδ = −Kv(vmax − v)φ̇ for v < vmax , and
Tδ = −Kc(v − vmax)φ for v ≥ vmax . vmax is the switching
speed between the two control law expressions, usually in the
stable speed range, and Kv and Kc are constants defining the
feedback gains.

In order to adjust this intuitive control, fig. 10 was used
to see the theoretical behavior of the system in its different
speed ranges.

With the information of the eigenvalues and after run-
ning some tests, it was decided that vmax = 6 m/s,

5242 VOLUME 6, 2018



M. R. García et al.: Stabilizing an Urban Semi-Autonomous Bicycle

Kv = −8 N · s2/rad and Kc = −0.2 N · s/rad. It was also
decided that the speed at which the stability control changes
between the flywheel control and the steering control will be
vt = 2.25 m/s.

Note that the vmax should never be reached as was dis-
cussed at the end of Chapter IV.

B. CO-SIMULATION SETUP
A few simulations were performed to test the system and
adjust its control parameters and algorithms.

After that, a complete simulation was carried out to test
various concatenated scenarios. These scenarios (fig. 12) are
challenging to the system while likely to happen in its opera-
tional routine.

In the stationary plus steering perturbations scenario,
the stability of the system is perturbed by a steering action
to both sides with zero speed.

Regarding the concatenated inclination perturbations sit-
uation, the bicycle inclination is perturbed through the lean
rate signal that the intuitive control uses as feedback when it
is below the vmax .
The tight 180◦ turn is a situation in which the sys-

tem has to face a large steering input at a low speed,
testing the performance of the flywheel with a large lean
angle.

Both high acceleration and deceleration situations are not
likely to happen unless in an emergency case. The same
goes for the high-speed situation, as has been discussed in
a previous chapter.

At the end of the simulation, the system has to stabilize
itself with the flywheel.

This situation tests how the flywheel is able to address the
change of control system and how it corrects the possible
inherited lean angle from the intuitive control.

By combining three open-loop inputs, the co-simulation is
set up tomake these scenarios. These three are the front wheel
torque input, a steering angle input and a steering rate input.

The first is just an open-loop signal that goes directly to
the torque input of the controls plant. The second goes to the
steering angle control when the flywheel is in charge of the
stability. The last one goes to the steering stability control
when it is under vmax as a perturbation of the feedback signal
which is the lean rate.

C. RESULTS AND DISCUSSION
The results will be analyzed using the numbers from fig. 12 to
identify the different scenarios.

Due to the marker’s rotation in the Adams R© simulation,
the inclination angle output from the Controls Plant places its
new zero – the vertical position – in 180◦ from the point where
the system turns and the global speed direction opposes the
previous one.

This issue is solved with the control algorithm in order
to allow the system to properly actuate after the 180◦ turn.
Nonetheless, the signal shows an alteration exactly in the
middle of the turn that instantaneously affects the proper

FIGURE 12. Simulation scenarios listed as they happen in the simulation.
Numbers in red are for better interpretation of the results.

co-simulation behavior. This alteration is highlighted with a
red dashed box in the figures.

FIGURE 13. Lean angle in radians versus time in seconds of the Alnilam
concept in the co-simulation.

The main aspect to pay attention to is the inclination of the
bicycle.

Fig. 13 shows how this aspect behaves through the simula-
tion. As can be observed, the system remains stable through-
out the entire simulation.

The maximum lean angle is reached in the fifth scenario
with a peak value of 14◦ because of the large lean rate input
that was imposed, severely testing the ability of the intuitive
control.
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In the second scenario, the flywheel stability control is able
to maintain the inclination angle between ±2◦.
For the 8th scenario, the flywheel manages to keep a top

inclination angle of 8◦ while making the 180◦ turn.

FIGURE 14. Flywheel torque in N ·m versus time in seconds of the
Alnilam concept in the co-simulation.

Another parameter worth consideration is the flywheel
torque. Fig. 14 shows how this controlled input behaves
throughout the simulation.

The demanded torque values are quite moderated. In the
second scenario, the control does not demand more than 9
N ·mwhile in the case of the 180◦ turn it has an 18 N ·m peak
value.

At the beginning of the 13th scenario, a high peak of torque
is demanded caused by the sudden state values input in the
LQR control.

FIGURE 15. Steering torque in N ·m versus time in seconds of the Alnilam
concept in the co-simulation.

In regard to the steering torque input, shown in fig. 15,
it is important to differentiate between the intuitive control
parts and the steering angle control parts. The steering angle
control was not properly designed to meet reasonable perfor-
mance standards.

Looking at the steering stability control scenarios it can be
noticed that the torque values required to stabilize the system
are very low.

The only exception to that is the fifth scenario, in which
the steering torque demanded is far higher due to the extreme
situation created. It can be seen how the intuitive control
noticeably oscillates while trying to reach the high lean rate
imposed.

Other important aspects of the simulation are the steering
angle, the rotational speed of the flywheel and the forward
speed of the bicycle.

FIGURE 16. Steering angle in degrees versus time in seconds of the
Alnilam concept in the co-simulation.

As can be seen in fig. 16, the steering angles of the system
are quite large, thus creating unlikely adverse scenarios for
the system’s real-life situations.

It is interesting to notice how the intuitive control makes
a counter-steer maneuver to create the necessary inclination
angle in the fifth scenario.

Probably the most arguable aspect of this simulation is the
rotational speed of the flywheel shown in fig. 17. The speeds
of the flywheel are quite high for a normal and safe operation.

FIGURE 17. The rotational speed of the flywheel in rpm versus time
in seconds of the Alnilam concept in the co-simulation.

This aspect should be further studied in order to get more
reasonable speed values in the flywheel. A better-designed
control with this issue in mind could be the first step towards
a solution.

FIGURE 18. Forward speed in m/s versus time in seconds of the Alnilam
concept in the co-simulation.

Regarding the forward speed shown in fig. 18, it can be
noticed how the system faces the entire operating speed range.
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Moreover, it is tested at even higher forward speed values in
scenarios 10, 11 and 12.

An animation was also generated by the co-simulation.
This animation is available along with this article, within
an explanatory video. It is worth checking it out to see the
performance of the system in a different and more visual way.

To sum up, the co-simulation shows the capabilities of
the proposed system facing different situations. The results
are very good and promising to further develop this Alnilam
concept.

VI. CONCLUSIONS
A study of the bicycle stability problem was carried out
to propose feasible solutions to stabilize it. This stabilized
bicycle could be used as an urban semi-autonomous bicycle.

Such system may be able to be either fully autonomous or
fully manual, like a standard urban bicycle.

The use of urban semi-autonomous bicycles might be an
evolution for current bike-share programs and may result in
an improvement in urban transportation.

A comprehensive study of the bicycle dynamics and con-
trol topics was mandatory. The conclusions drawn from this
analysis are the stepping stones to the proposed solutions of
the stability problem.

The proposed Alnilam concept was further developed to
unveil its possibilities. At the same time, the other introduced
proposals may help new ideas to be born.

Moreover, Alnilam was successfully stabilized in a multi-
body co-simulation. The stability is controlled by two differ-
ent systems working at different speed ranges.

The proposed bicycle is capable of being used by a rider
in a normal way. Furthermore, this stabilization was achieved
throughout the entire operating speed range and while facing
various challenging scenarios.

These promising results are a good step towards a further
development of this idea.

It is hoped that all the work presented in this paper will
prove deeply helpful in the future development of a system
of this kind.
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