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Abstract:

The objective of this research is to realize a posture stabilization control system that suppresses bicycle

wobble, thereby reducing accidents caused by rider-induced unbalance. To achieve this goal, we first derive a dynamic
model that accurately represents bicycle behavior. Based on this model, a speed-assist control system is designed to
enable the bicycle to stably travel along a specified turning radius. The effectiveness of the proposed control system is
then verified through experiments using the developed bicycle hardware.
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1. INTRODUCTION

Bicycles are widely used as a means of transportation
across all age groups, and have become an integral part
of daily mobility. Opportunities for bicycle use have in-
creased through initiatives such as the provision of shared
bicycles in tourist areas, expanding access to cycling even
for those who do not own a bicycle [1, 2]. Bicycle-sharing
systems have been adopted in cities around the world.
One reason for this is that bicycles are considered envi-
ronmentally friendly, as they do not rely on fossil fuels,
making them a transportation option with a low environ-
mental impact [3,4]. For these reasons, bicycles are ex-
pected to become even more prevalent in the future.

However, bicycles are known to be unstable vehicles
with a high risk of falling, and instability is influenced
by speed, steering angle, and the tilt of the bicycle [5, 6].
One reason for this instability is that a bicycle is non-
minimum phase and underactuated system. When the
rider has poor balance or the bicycle’s speed is outside
the stable speed range, wobbling can occur, potentially
leading to a fall [7].

To address the risks of the increasing number of of
accidents involving bicycle falling over, we propose that
a control system capable of suppressing bicycle wob-
ble could effectively reduce accidents. Yasuhito Tanaka,
Toshiyuki Murakami, and colleagues proposed a dy-
namic model of the bicycle aimed at achieving posture
stabilization. They designed a steering control method
based on acceleration control and confirmed its effec-
tiveness through both simulations and real-world exper-
iments [8]. Additionally, Lychek Keo and Sirichai Porn-
sarayouth proposed a control algorithm that switches
between flywheel and balancer modes to stabilize un-
manned electric bicycles. They found that this approach
improved stability performance and expanded the stable
region compared to methods that relied solely on a bal-
ancer [9]. Furthermore, Pongsakorn Seekhao and col-
leagues aimed to stabilize the bicycle’s posture using
steering and pendulum motions. They applied lineariza-
tion to a nonlinear model and LQR control, confirming
the effectiveness of this approach in real-world applica-

1 Keigo Kuriyama is the presenter of this paper.

978-4-9077-6487-6 PR0001/25 ¥400 © 2025 SICE

1157

tions [10].

However, most of these studies do not account for
the dynamics of bicycles with human riders. In prac-
tice, when the rider’s operation is inappropriate, the bal-
ance of the bicycle may be lost, potentially leading to a
fall. Moreover, although posture stabilization is achieved
through mechanisms such as motors attached to the steer-
ing, flywheels, and balance arms, bicycles equipped with
such features are not commonly implemented in commer-
cial products. In contrast, electrically-assisted bicycles
that support the rider’s pedaling operation have become
widespread. Among the three factors related to bicycle
wobbling, assisting vehicle speed is considered the most
feasible, as the mechanism of electric assist bicycles can
be repurposed for this function [11].

Therefore, this study investigates speed-assist control
for scenarios in which a bicycle is turning and the rider’s
steering input becomes inappropriate for the bicycle’s
current conditions such as speed or incline. As a prelimi-
nary study, we derive a mathematical model that captures
the dynamic behavior of a bicycle. Based on the model,
we compute the speed required to maintain balance, i.e.,
equilibrium, while following a specified turning radius.
To ensure stable riding even under simulated inappropri-
ate steering conditions, a method is established in which
the angular velocity in the roll direction is fed back to
the bicycle’s speed, allowing for acceleration or deceler-
ation to improve riding stability. Through experiments on
a real machine, the effect of angular velocity feedback in
the roll direction on bicycle posture is evaluated.

2. BICYCLE MODEL DERIVATION

In this study, we derive a mathematical model of a bi-
cycle based on the model proposed by Karl J. Astrom.
[12]. The bicycle model used is shown in Fig. 1, and the
parameters of the model are listed in Table 1.

This model consists of four rigid bodies: the rear
wheel, front wheel, rear frame, and steering. Each rigid
body is assumed to be symmetric with respect to the bicy-
cle’s sagittal plane. The front and rear wheels are in con-
tact with the ground, and the bicycle moves at a constant
speed. The trail effect, which is one of the factors influ-
encing the relationship between the bicycle’s roll angle



Table 1 The independent variable

symbol | description

M Mass of bicycle

mpy Mass of front wheel

L Wheel base

Ly CoG position from rear wheel grounging point
Lo CoG position from front wheel grounging point
Ls Trail

h CoG height

f Fork offset

Ty front Wheel radius

rr rear Wheel radius

A Caster angle

Ipg Inertia of bicycle body about x axis
Iy Inertia of bicycle body about xz axis
Ip, Inertia of steering part

Iy Inertia of front wheel part

I Inertia of rear wheel part

o) Roll angle

0 steering angle

P Turning round angle of bicycle body
|4 Verocity of bicycle

w Rotary speed of wheel

Th input torque

c viscous friction

d coulomb friction

and steering angle, is also taken into account. In deriving
the equations of motion, the state vector ¢ is defined as
. . T
a=[p 0 ¢ 6 y] .
When the bicycle is tilted with the handlebars turned,
the contact point of the front wheel shifts. Let the amount

Fig. 1 Bicycle model
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of this shift be denoted by J L3, and the distance to the
new contact point after the shift be §L5%; this situation is
illustrated in Fig. 2. From Fig. 2, the shift in the contact

point can be determined by Eq. (1);
0Ls =rysin¢. (1

Therefore, the amount of trail after the change can be ex-
pressed by Eq. (2);
Ly = Lscos¢g+rysing - sign 6. 2)

Taking into account Eq. (2), the overall equations of mo-
tion for the bicycle are given by Egs. (3) - (5);

. tan 0
=V— 3
v L1+ Lo ©)
. R 7 V2tané
I, =1,.0———+ Mqghsi Mh———F—
zof lzoL(cos2 6) + Mghsing + h(Ll + L)
v o .V
+ Ipsec@— (Y +0)+ L.(¢Y)—
T Tr
Mg—21 (L cos g + 1y sin g - sign 6)
— ———— (L3 cos r¢sin ¢ - sign
ng T, 3 f g
sin 6 4)
10 = —mysgsin(¢ — Osin \) f
— If cos Ad)I‘ZtTanLi + 75 — (c + dsign 6)
— (Lzcos¢+rysing - sign 6)
LiMg . . LiMV?
{MSIH(¢0SIHA)+wb1n9}.
(5)

In this study, the experimental validation is limited to
a local stabilization problem, assuming that variations in
the bicycle ’ s roll angle remain small. However, future

Fig. 2 Front wheel model



scenarios are expected to include situations in which the
turning radius changes during motion. In such cases, it
becomes necessary to consider the nonlinear coupling be-
tween the roll angle and steering angle, as well as nonlin-
earities arising from factors such as trail and the position
of the center of mass. Compared to existing models, a
distinctive feature of the proposed approach is that the
complexity of these nonlinearities is constrained to a level
that can be implemented on a microcontroller, taking into
account computational load during controller implemen-
tation.

3. DESIGN OF POSTURE
STABILIZATION CONTROL LAW

In this section, we calculate the equilibrium angle
based on the equations of motion derived in Section 2,
and design a posture stabilization control law around this
equilibrium point.

3.1. Nonlinear Model

The behavior of a bicycle during turning while main-
taining balance is regarded as an equilibrium state of the
equations of motion. To achieve this, it is essential to de-
rive a nonlinear state equation that reflects the bicycle’s
dynamics. When the input is defined as u = [r,, V3T
the state equation becomes Eq. (6);

¢ x 0 wun

d 0 J"? i Y2

Zlol=1d+]0 ofu ©)
0 0 0 0
(4 0 0 vs

Here, z1, 2, Y1, Y2, and y5 can be expressed as fol-
lows.
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1
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1

Y2 = —1Iycos A(ib

Tth
(Lzcos¢ +rypsing - sign ) LMV <0
J— . 1
I (L1 + L2)?
tan 6
Y Li+ Lo @

3.2. Equilibrium Analysis

We consider the situation in which a bicycle is turning
while in a state of equilibrium. The equilibrium state is
defined as the condition in which the system’s state vari-
ables remain at their equilibrium values. In order for the
bicycle to maintain equilibrium while in motion, the cen-
trifugal force and gravitational force must be balanced, as
shown in Fig. 3. Under this condition, the velocity is de-
rived from the equations of motion of the bicycle, and a
control law is designed to maintain the equilibrium state.

As an example, we derive the velocity required to
maintain a turning radius of 5 m and a roll angle of —5
degrees. The steering angle can be calculated from the
turning radius b, using Eq. (8);

L
tan @ — Li+ L,
by
0= tan71 <L1 + LQ)
by
= 0.2431rad. (8)

Furthermore, since the roll angle and steering angle of
the bicycle do not deviate from their equilibrium values,
the roll angular acceleration and steering angular velocity
are zero. Therefore, the velocity required to maintain the
equilibrium state is given by Eq. (9);

Ly
V2= (—Mghsing + Mg———
(—Mghsin ¢ 9T L,

tan 6

(L1 + L2)
1 1
Iy sec@b— + T

(Lgcosgp+ry
sin ¢ - sign 0))/(Mh

r—)

b7,

V = 2.02085 m/s. ©)]

Fig. 3 Bicycle model when gravity and centrifugal force
are balanced



4. HARDWARE IMPLEMENTATION
AND EXPERIMENTAL
VERIFICATION

We propose a speed-assist control method to maintain
the equilibrium state of a bicycle and verity its effective-
ness through driving experiments.

4.1. System Configuration

The configuration diagram of the bicycle experimen-
tal setup used in this study is shown in Fig. 4, and the
physical parameters are listed in Table 2. A motor with
an encoder mounted on the handlebar assists in steering
torque and measures the handlebar angle. An IMU in-
stalled at the rear of the saddle measures 3-axis angles
and angular velocities. A hall sensor mounted on the rear
wheel measures the vehicle speed. Additionally, a motor
linked to the pedal crank axis can drive the rear wheel to
assist the rider’s pedaling.

4.2. Speed Control

The block diagram of the speed-assist control imple-
mented on the bicycle is shown in Fig. 5. The speed in-
put derived in Section 3 represents the velocity required
to maintain the roll angle in the equilibrium state. How-
ever, since a rider cannot always maintain the equilibrium

Fig. 4 System Configuration

Table 2 Physical parameters of experimental system

symbol | description
M 29.8 kg

mpy 2.00 kg

L 1.24 m

Ly 0.5243 m
Lo 0.7157 m
L3 0.0532 m

h 0.41607 m
f 0.05 m

Ty 0.28 m

Ty 0.33 m

A 0.35 rad
Ioo 9.8 kgn12
I, 4.411 kgm?
Ip 0.878 kgm?
Iy 0.156 kgm?
Irf 0.304 kgm?
c 0.2186

d 2.344
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state during riding, a control system is designed to adjust
the target speed based on the bicycle’s roll anglular ve-
locity. With this control, even if the handlebar angle or
roll angle deviates from the ideal equilibrium state due
to human operation, the system automatically adjusts to
the speed corresponding to the new equilibrium condi-
tion, thereby achieving stable riding. The target vehicle
speed in the designed control system is determined using
the roll angular velocity gain « and is given by Eq. (10);

V =V, + ag. (10)

4.3. Riding Experiment

To evaluate the effectiveness of the proposed control
law, three experiments were conducted. In the first ex-
periment, no control is applied; the rider rides along a
constant turning radius relying solely on their own con-
trol. In the second experiment, the handlebar angle is
fixed using the handlebar-assist motor, and the pedal mo-
tor is controlled to achieve the equilibrium speed. This
simulates the behavior of a rider who cannot maintain
stable riding. Here, the reason for using the handlebar-
assist motor is not to assist with steering operation but to
fix the handlebar angle at a constant value to simulate it.
In the third experiment, the proposed speed-assist con-
trolis  implemented to enhance stable riding even when
the handlebar angle ix fixed, in order to simulate the same
unstable riding condition as in the second experiment.

The turning path used in the experiment is shown in
Fig. 6. Cone markers were placed at 45-degree intervals
along a circle with a radius of 5 meters. To prevent de-
viation from the turning radius, additional cone markers
were placed at the 6-meter radius in the same interval,
and the bicycle was ridden between these markers. Fig. 7
illustrates the experimental scence in progress.

In the riding experiments, a male participant in his 20s
rode the bicycle twice along the path shown in Fig. 6. The
characteristics of the bicycle’s riding trajectory are also
shown in Fig. 8. Because the experiment site included
elevation changes, the riding path involved three sections:
flat, uphill and downhill, as illustrated in Fig. 8.

4.4. Experimental Results

Since the bicycle becomes more susceptible to wob-
bling as its speed decreases, we analyze the data collected

Fig. 5 Block diagram of the proposed speed-assist con-
trol



while the bicycle is ascending a slope. Figs. 9 — 14 show
the results for three conditions: (A) no control applied,
with only manual rider input to maintain a handlebar an-
gle of 14 degrees, a roll angle of —5 degrees, and a tar-
get turning radius of 5m; (B) fixed handlebar angle with
the pedal motor controlled to achieve the velocity corre-
sponding to the equilibrium point; and (C) fixed handle-
bar angle with the proposed-assist control implemented.

Each graph displays data from six trials, with each
trial distinguished by a different color: blue (1st), orange
(2nd), yellow (3rd), purple (4th), green (5th), and light
blue (6th). The vertical axes of the graphs represent roll
angular acceleration and roll angular velocity, while the
horizontal axis indicates the yaw angle over the slope-
climbing section. The standard deviations of each condi-
tions are summarized in Table 3.

First, we analyze the behavior when the rider is unable
to ride the bicycle properly. Comparing the roll angular
velocity in Condition A and B, the standard deviations are
2.1800 and 3.1431, respectively, indicating greater rider
body vibration in Condition B, unstable riding case. This
vibration appears to result from large fluctuations in roll
angular acceleration, suggesting that destabilizing forces
are acting in the direction of falling. Therefore, the speed-
assist control is necessary to suppress such vibrations.

Next, when Condition B and C, comparing the roll an-
gular acceleration between the case where the rider can-
not ride properly and the case it is confirmed that the
proposed method successfully suppresses the vibrations.
The standard deviations are 0.2932 and 0.1982, respec-
tively, indicating indicating reduced variability and sup-
pression of destabilizing forces. Similarly, when com-
paring the roll angular velocity between Condition B and
C, the standard deviations are 3.1431 and 2.1978, re-
spectively. These results show that suppressing falling-
direction forces reduces body vibration. Overall, these
findings verify that the proposed speed-assist control is
effective in stabilizing the posture of the bicycle.

Fig. 6 Test Course for Riding Experiments

Fig. 7 Scene from the Riding Experiment
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Fig. 8 Driving path environment

S. CONCLUSION

In this study, we proposed a speed-assist control
method to enhance riding stability, even when the bicy-
cle’s balance is compromised due to inappropriate rider

Fig. 9 Roll angular acceleration in Condition A

Fig. 10 Roll angular acceleration in Condition B

Fig. 11 Roll angular acceleration in Condition C



Fig. 12 Roll angular velocity in Condition A

Fig. 13 Roll angular velocity in Condition B

Fig. 14 Roll angular velocity in Condition C
Table 3 Standard deviation for each condition

zzlcle?:f;ilg} roll angular velocity
ConditionA 0.1763 2.1800
ConditionB 0.2932 3.1431
ConditionC 0.1982 2.1978

operation. To develop this control system, the mathe-
matical bicycle model was derived, and the equilibrium
points of the motion were identified. Based on this anal-
ysis, the speed-assist control was designed to maintain
stable riding along a specified turning radius. The exper-
imental results demonstrated that the proposed control,
derived from the equilibrium point analysis, is effective
in stabilizing the bicycle’s posture.

In future work, we plan to verify through mathemati-
cal simulations and real-world implementation whether
the system can adapt to changes in the turning radius
when the equilibrium point shifts. It should be noted
that the experiments conducted in this study were real-
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world tests with dynamic rider input, not simply physical
tests under idealized conditions. The control system is
intended to handle general balance disturbances, not only
those caused by inappropriate operation.
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