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Abstract: The increased number of vehicles and poor road conditions in many countries result in
slow moving traffic. Atlow-speeds, riding a motorcycle requires continuous input from a rider to
achieve stability, which causes fatigue to the rider. Therefore, in this research, the low-speed stability
of a motorcycle is studied using a theoretical and experimental approach to identify the parameters
that can reduce the rider’s effort. Initially, a linear mathematical model of the motorcycle and rider
system is presented; wherein, the equation of motion for the stability of the system in roll direction
is derived. The open-loop and closed-loop poles from the equation are calculated to determine the
regions for the low-speed stability. Subsequently, experiments are conducted on the motorcycle
instrumented with the required sensors, on a straight path at speeds below 10 km/h. The input and
output parameters from the experimental data are analyzed using a statistical method. Steering angle
and steering torque are the input parameters; roll and yaw angles and their corresponding velocities
are the output parameters selected for the analysis. Correlation and lead time between the input
and output parameters are compared to identify the parameters useful for the rider to attain the
low-speed stability. The results obtained from the experimental analysis validate the mathematical
model. In addition, these findings also validate that the input parameters required to control the
motorcycle to achieve low-speed stability can be estimated using the identified output parameters.

Keywords: low-speed stability; balancing; motorcycle dynamics; rider control

1. Introduction

Motorcycles are a preferred mode of daily transportation in many countries because of
congested traffic conditions, and also they are the most economically viable option. The traffic
congestion and poor road conditions constrain the speed of motorcycles. Balancing a motorcycle at
low-speeds is challenging, especially for new riders because it is unstable below the certain critical
speed [1,2]. The rider becomes very cautious at such speeds as it requires continuous input to balance
the motorcycle [3]; moreover, the required steering input or the gain value for the steering input
increases as speed reduces [4]. This research focuses on the low-speed stability of the motorcycle due
to the above-mentioned reasons.

The layout of a motorcycle influences its stability [5-7]. However, it cannot be tuned entirely
for stability because it also determines other performance requirements such as manoeuvrability,
ride comfort, ergonomics, acceleration feel, braking, etc. Hence, it is necessary to explore other
methods to improve stability. In research [8-10], the relations between input and output parameters of
a motorcycle are examined to construct a rider robot. Wherein, the speeds are relatively higher, and
inputs are derived from the control engineering requirements. Similarly, in research studies [11,12],
the low-speed stability of a bicycle is proposed using a theoretical approach. In such cases, frequencies
of input to the bicycle are different from that provided by the riders.
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The steering input required to improve the low-speed stability can be reduced by adding an
extra degree of freedom to a motorcycle using a mechanism [13]. The low-speed stability of a bicycle
or motorcycle can also be achieved by adding a device that provides gyroscopic moments [14-16].
In research [17], the low-speed stability of the motorcycle is achieved by providing steering to both front
and rear wheels, unlike a typical motorcycle. However, these changes may not retain the conventional
form and dynamics of the motorcycle.

A small humanoid robot can balance and steer a scaled-down bicycle by providing input to
the handlebar, using the lateral dynamics of the bicycle [18]. A mathematical model of the bicycle
and motor integrated by a controlled algorithm can reduce the step of estimating the steering angle
for balancing it [19]. In research [20], the bicycle is balanced using both, flywheel and balancer;
however, the study of system behaviour coupled with the steering input by the rider is undone.
In research [21], the bicycle is balanced by controlling its steering, using the dynamic model derived
from the equilibrium of gravity and centrifugal force. In these research studies, the balancing of the
bicycle or the motorcycle is attained without assessing the inputs from an actual rider. Whereas,
in the present study, the stability of the motorcycle at low-speeds is studied using experiments by the
actual riders.

There are many research studies on improving and assessing the stability (weave and wobble) and
handling characteristics of the motorcycle at high speeds [22-24]. Whereas, there are limited studies
on low-speeds stability of motorcycle by evaluating the rider inputs [25,26], which is the scope of the
present research.

In this research, the low-speed stability of a scooter-type motorcycle is studied using theoretical
and experimental methods. The details of the motorcycle and the research methodology are given in
Section 2. Equation of motion for the theoretical model of the motorcycle is presented in Section 3;
wherein, the regions of stability of the motorcycle at speeds 3 and 5 km/h are shown. The experiments
and method of analysis are discussed in Section 4. In this section, the theoretical model of the
motorcycle is validated, and the parameters important for the low-speed stability are identified and
evaluated. The conclusions of the research are given in Section 5.

2. Experimental Motorcycle and Methodology

2.1. Motorcycle Details

The layout, mass and inertia of a scooter-type motorcycle chosen for this research are provided in
Table 1. The same table also shows the symbols corresponding to the parameters used in this paper.

Table 1. Layout, mass and inertia of the motorcycle including a rider weighing 65 kg.

Parameters Symbols Values  Unit
Total mass M 165.70 kg
Wheelbase ) 1.236 m

Roll inertia at centre of gravity Iq 18.79 kgm?
Height of centre of gravity from ground h 0.545 m
Horizontal distance of centre of gravity from rear axle Iy 0.450 m

Caster angle € 25.8 degree
Fork offset dq 0.004 m
Front steering system mass My 17.72 kg
Height of front steering system centre of gravity from ground hs 0.540 m
Shortest distance between steering system centre of gravity and steering axis d 0.005 m
Front wheel rolling radius rf 0.214 m

Front wheel spin inertia Iry 0.122 kgm2
Rear wheel rolling radius Ty 0.205 m

Rear wheel spin inertia Ly 0.112 kgm2

Acceleration of gravity g 9.81 m/sec?
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The motorcycle-rider system used for studying low-speed stability is shown in Figure 1. The figure
shows that the rider estimates the required input using the state feedback of the motorcycle.
The disturbances; road irregularities and rider disruptions shown in the model are components
of the output and the input parameters respectively. In general, any disturbance to the motorcycle
affects its output parameters which in turn results in a change in the rider input. The objective of the
rider is to keep the motorcycle stable by maintaining the reference value of the output parameters
(i.e., roll angle (¢) to be zero in this case).

Disturbance Disturbance

Steering
$o =0 Input

Vehicle Response
Motorcycle }7_,
¢ (Roll angle)

Output parameters

Figure 1. Block diagram for the low-speed stability of a motorcycle and rider system.
2.2. Methodology

In this research, the stability of the motorcycle at low-speed is studied using theoretical and
experimental methods. At first, the equations for open-loop and closed-loop systems of the motorcycle
were derived for the stability in roll direction using a linear motorcycle model. The regions of stability
were determined by solving the equations. Subsequently, experiments were conducted on an actual
motorcycle. The motorcycle was ridden on a straight path at speeds ranging from 3 to 10 km/h by
professional riders, having riding experience of more than 15 years. The input and output parameters
of the motorcycle from the experiments were analyzed using a statistical method. The correlation and
lead time between the input and the output parameters were compared to identify the parameters
contributing to the low-speed stability. Results obtained from the experiments validated the theoretical
model and also confirm that the identified input parameter required to balance the motorcycle at low
speeds can be estimated accurately using the identified output parameters.

3. Linear Motorcycle Model

A linear mathematical model for the motorcycle is described in this section. An equation of
motion for the stability of the motorcycle is determined in the roll direction. Open-loop and closed-loop
systems for the motorcycle are defined using the same equation. In this model, it is assumed that the
tire thickness is zero, and all the angles are small.

The layout of a typical motorcycle is shown in Figure 2. The descriptions of the symbols used in
the figure are given in Table 1 from Section 2. The points A and O are contact points of the front and
rear wheels with ground respectively, and B is the point where the steering axis intersects the ground.

Figure 3 depicts the schematic of the motorcycle, which shows its different states while
balancing. The symbols used in the figure are listed in Table 2. The figure shows that the
motorcycle-rider system (mass M) first steered by an angle (J) as shown by legend 2, and then
rotated about the x-axis by a roll angle (¢) as shown by legend 3. These steering angle and roll angle
are generated due to disturbances to the motorcycle. Figure 3a,b show rear-view and top-view of
the motorcycle respectively. Various forces acting on the motorcycle are due to weight (Mg), normal
reaction (N) and lateral force (F;) as shown in the Figure 3a. The Figure 3b shows the effect of steering
angle (J) and roll angle (¢) on the motorcycle state. Marginal changes in J and ¢, which result in
yaw angle (), make the motorcycle to follow a circle of radius R. The significance of the steering
mechanism on the stability of the motorcycle is described in this section.
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Table 2. Input and output parameters used in linear model.

Parameters Symbols
Roll angle ¢
Steering angle )
Kinematic steering angle R
Yaw angle P
Lateral displacement at O Yo
Speed v
Instantaneous turning circle radius R

3 —— Sp#E0,p %0

S
v |

(a) Rear-view

(b) Top-view

Figure 3. Schematic of linear model of motorcycle showing its different states.

The equation of motion for the stability of the motorcycle in roll direction about the x-axis
(i.e., the axis intersecting vehicle plane and ground plane at point O) is defined as follows:

Io(ﬁ + Myoh = Mgh(P + ngro + Msteering + Mfrontnormal reactions (1)

where:
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The inertia of the motorcycle with respect to point O is as follows:
I, = I + MI. &)

The lateral acceleration of the motorcycle jj about point O is a function of the centrifugal force and
lateral velocity. These parameters are derived from motorcycle speed v and kinematic steering angle
Or as shown below:

.. 02 Iy
Yo = TéR + v

Gyroscopic moments by both front and rear wheels on the motorcycle, and by the front wheel on

the front steering system can be described as:

Or. ®)

0 (I I v
ngro = T (rf + ;7:0 Or — ;Ifw‘sR- 4

Moment due to the front steering system vibration is as follows:
Msteering = *Mfdhf"sl- (@)

Moment due to the front wheel normal reaction force is as follows:

l
Mfrontnormalreaction = MgTrdlfs' (6)

The following equation is achieved by substituting the values from Equations (2)—(6) in
Equation (1).
(Ig + Mh2)§ + M (For + 0 dx ) h =
2 (I, y . . )
Mghg — 5 (L2 + 1) 6r — £ Iudr — Mydhgd + Mghdo.

Tf Ty

@)

Further, the kinematic steering angle can be defined by the following equation:

o cos(€) sin(9)
ok = tan”" (cos(<l’) cos(5) — sin(¢) sin(e) Sin(‘s)) ' v

Equation (8) can be approximated in linear form as follows:
Or ~ 6 cos(€). )

Substituting the value of kinematic steering angle from Equation (9) in Equation (7) gives the
following expression:

(I + Mh?)$ — Mghe =

-M (Z’l—zé + 0%5) cos(e)h — & (I{% + Ir’—j) cos(€)6 — 7w cos(e)d — Mydh;8 + Mghd, 4.

(10)

The open-loop transfer function for the low-speed stability of the motorcycle system can be
described from Equation (10) by the following expression:
Open-loop transfer function =

o(s) -M (”TZ + ZJZT’S) cos(e)h — Z’TZ (If—” + I’—”) cos(e) — %Ifw cos(€)s — M)rdhfs2 + Mng’dl

Tf Ty

5(s) (Ig + Mh?)s? — Mgh

. (11)

The transfer function defines the stability of the motorcycle at all the speeds.
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Root-locus plot for Equation (11) is shown in Figure 4. The figure shows that one of the poles
of the system is always positive at speeds 3, 5 and 10 km/h. Hence, the low-speed stability for the
open-loop system of the motorcycle cannot be achieved.

Root Locus

200 T T Root Locus
—Speed 3 kmih 10 ;
150 F ——Speed 5 km/h | | ; —— Speed 3 km/h
Speed 10 kr/h 8 : Speed 5 km/h
Speed 10 km/h
~ 100 6 ]
4 N
c [} 4 4
g 507 | 2
) 3 af ]
e [0}
2 0 &
% w 3
< % 0Or ———s
i <
2 50y z 2f |
=4 (=
@ —
E 100 g -4
B E
6 i
150 F
-8 il
200 ; . ; ; ; ;
2500 -2000 -1500 -1000 -500 0 500 1000  -10 : :
-10 -5 0 5 10

Real Axis (seconds’1) : %
Real Axis (seconds™')

Figure 4. Root-locus plot for open-loop motorcycle system.

Further, the closed-loop feedback of the motorcycle can be defined using the following relationship
between the steering angle (J) and roll angle (¢):

6(t) = ap(t—1), (12)

where a4 is roll angle gain and 7 is a lead time for roll angle with respect to the steering angle.
Equation (12) can be further simplified for T < 1 as follows:

=a.¢—atd. (13)

Substituting the value from Equation (13) in the Equation (10) following equation is obtained:

C1¢ + Cad + Cap + Cap = 0, (14)
where,
Cl = —thfdll"f (15)
I T
Cz:MhZ_Wﬂ’C—(’s(e)wr+Ig+thfda_M (16)
l rs
I 2 I
C3 = Mhv cos(€)a ot + ruvcos(e)a _ v cose)ar (I )y Mglduat (17)
! l rs l rs Tr !
2 Irw 2
c, - Teosteln (;‘ i I;") ~ Mgh— Ma (g‘”r h COS("f)) . (1)
f T

The constants of the closed-loop characteristic Equation (14): C1,Cy,C3 and Cy4 are shown in
Equations (15)—(18). The eigenvalues of the characteristic equation are calculated for different values of
the roll angle gain a and the lead time 7. The motorcycle is stable at a point where all the real parts
of the eigenvalues are negative for a particular value of a and 7. The shaded zones in Figure 5a,b
show regions for the stable motorcycle corresponding to the values of 2 and 7 at speeds 3 and 5 km/h
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respectively. The rider must be operating inside the shaded zone shown in Figure 5 to achieve the
low-speed stability.
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Figure 5. Regions of stability for different values of roll angle gain 2 and lead time 7 for closed-loop
system of motorcycle.

In the next section, the theoretical results are validated from experimental results.
4. Experiment and Analysis

4.1. Experiments Details

The motorcycle was instrumented with two analogue sensors namely a potentiometer (range
of linearity £50°) and a piezoelectric sensor (range £200 Nm and sensitivity —175 pC/Nm) to
measure the steering angle and the steering torque respectively. An inertia measurement unit (IMU)
(angular rate range £400° /s with an angle measurement accuracy of 0.2°) was used for measuring
roll, pitch and yaw angles, corresponding velocities and accelerations. A GPS antenna was used for
measuring longitudinal displacement, lateral displacement and speed of the motorcycle. The data was
logged at a sample rate of 100 Hz [27].

The sensors were mounted on the motorcycle for the experiments. The rotating shaft of the
potentiometer was mounted on top of the handlebar, and its non-rotating body was fixed to the frame.
The handlebar and front steering system were disintegrated, and two flanges were fixed to them
such that the faces of the flanges are perpendicular to the steering axis. The piezoelectric sensor was
mounted between these flanges under high preload. The IMU was mounted on top of the pillion seat,
and the GPS antenna was kept on a metal plate fixed to the rear frame of the motorcycle at the highest
point on the motorcycle.

Experiments were conducted on a proving ground using the motorcycle instrumented with
aforementioned sensors at speeds 3, 5 and 10 km/h. The motorcycle was ridden on the same dry
asphalt road to inhibit the road variations in the results. The riders had instructed to follow a straight
line marked on the proving ground. The experiments were conducted mainly to focus on balancing the
motorcycle. Three professional riders, having riding experience of more than 15 years, were selected
for the experiments to ensure the quality of results. Each rider had repeated the experiments two times
to ensure the repeatability of the results.
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4.2. Analysis of Experiments

The maximum correlation coefficient (MCC) and the lead time between the input and the output
parameters are calculated from the experimental data. Steering angle and steering torque are the input
parameters; roll and yaw angles and their corresponding velocities are the output parameters selected
for the analysis. The MCC defined herein as a cost function to determine the maximum possible
correlation between the input and the output parameters by shifting the output parameter with respect
to the input parameter. The time step at which the cost function becomes maximum was defined
as the lead time. The MCC is a measure of the dependency of the input parameter on the output
parameter, and the lead time indicated the usability of the output parameter by the rider for predicting
the steering control.

For example, Figure 6 shows time series data for roll angle and steering angle of a professional
rider, normalized in [—1,1] range. The correlation between the roll angle and the steering angle was
calculated while shifting the roll angle curve in the time domain at a step size of 0.01 s in the direction
as shown by the arrow in the figure. Maximum correlation was observed after shifting the roll angle
curve by 0.53 s. This correlation was named as the MCC and the time by which the roll angle was
shifted to arrive at it is the lead time (i.e., 0.53 s). The MCC and the lead time are determined from the
experimental data for all the riders.

X 17.21 * Roll angle
Y:0.9997 - Steering angle

X:17.74
Y:0.7914

Normalized angle

0.53 Seconds

18 19 20
Time (sec)

Figure 6. Steering angle and roll angle curve of a rider normalized in [—1,1] range @ 3.1 km/h.

In this research, the experimental data were analyzed using a statistical method. All the
experimental data were divided into the sample size of 300 (i.e., 3 s) to examine the instantaneous input
and output parameters while balancing the motorcycle at low speeds. The average (avg) and standard
deviation (SD) from the experimental data were calculated and compared to ensure the repeatability
and reliability of the experiments.

The analysis was done in four stages. Firstly, the repeatability and reliability of the experiments
were determined. Secondly, the theoretical results were validated with the experimental results using
the relationship between the steering angle and the roll parameters in Equations (12) and (13). Thirdly,
the MCC and the lead time were calculated for output parameters with the input parameters. These
were calculated to identify the output parameters important for the low-speed stability. Steering
angle and steering torque were the input parameters; roll and yaw angles and their corresponding
velocities were the output parameters selected for the analysis. Finally, multiple regression analysis
(MRA) was performed between the identified output parameters as independent variables and the
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input parameters as dependent variables, to estimate and identify the most important input parameter
between the steering angle and the steering torque. Further, the estimated input parameter from MRA
was validated by comparing the same with the measured data.

4.2.1. Repeatability and Reliability of Experiments

Table 3 shows the avg and SD for both the motorcycle speed (v) and roll angle gain (RA gain
a, for the positive value regions) for each experiment. The avg and SD were calculated for three
professional riders who have ridden the motorcycle at target speeds of 3, 5 and 10 km/h. Each rider
repeated the experiments two times (named as ‘set’ in the table). The table shows that the avg and
SD of the motorcycle speeds and the roll angle gains match closely when the same rider repeated the
experiment. This ensures the repeatability of the experiments.

The avg and SD of the RA gain increased sharply when the target speed reduced from 5 to 3 km/h
than the same from 10 to 5 km/h; although, the SD of the speeds were similar. This was due to the
fact that the effort and correction in steering input required to attain the low-speed stability increase
sharply as speed reduces. The avg and SD in the RA gains were similar for all the rider at the particular
target speed, which ensured the reliability of the experiments.

Table 3. Averages and standard deviations of motorcycle speed (v) and roll angle gain (a).

Target Speed 3 km/h 5 km/h 10 km/h
Speed RA Gain Speed RA Gain Speed RA Gain
Rider Set avg SD avg SD avg SD avg SD avg SD avg SD

1 1 246 032 1449 426 554 044 621 134 1016 034 259 0.67
1 2 256 048 1418 420 549 063 655 172 1032 035 242 0.66
2 1 312 034 1631 411 569 071 700 173 1062 052 222 050
2 2 295 040 1742 531 581 036 752 144 1048 040 263 0.54
3 1 312 046 920 392 527 079 646 158 11.07 059 1.88 0.66
3 2 3.02 038 1078 4.02 560 057 522 110 1036 035 222 051

4.2.2. Validation of Theoretical Model

The roll angle gains a and the lead time T were calculated as per Equation (12) from the
experimental data. The results obtained from the experiments were compared with the theoretical
results at speeds 3 and 5 km/h as shown in Figure 7a,b respectively. The figures show that the values
of a and T calculated from the experiments are in the stable regions determined from the theoretical
results thereby validating the theoretical model. It also confirms that the model can be used to predict
the stable zone for a motorcycle at low speeds.

Further, the relationship between the steering angle and roll parameters defined by Equation (13)
in the Section 3 was examined. Linear MRA between the steering angle as a dependent variable; and,
the roll angle and the roll rate as independent variables was performed from the experimental data
using the following equation:

5= +ax, (19)

where a1 and ap are the regression coefficients of the roll angle and the roll rate respectively.
The regression coefficient a; was compared with the corresponding coefficient (—at) of roll rate
derived from the experimental data as per the Equation (13). The correlation coefficients between the
coefficients a; and (—at) were strong and more than 0.7. Figure 8 shows that both the coefficients match
closely which shows the strong relationship between the theoretical model and experimental results.
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4.2.3. Correlation Analysis

In this section, the experimental data are analyzed to identify the important input and output
parameters for the low-speed stability of the motorcycle.

The avg and SD for the lead time and the MCC, for the output parameters with steering angle and
steering torque are shown in Figures 9 and 10 respectively using error bars. The MCC is calculated for
the leading side of the output parameters such that it can be used for estimating the steering input to
achieve the low-speed stability. The results of the analysis are examined in two steps: Firstly, the MCCs
between the input and the output parameters are compared to identify the output parameters which
can estimate the input parameter. Secondly, the lead time between useful output parameters and input
parameters are compared to assess their usability by the riders.
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Figure 9 shows that the roll angle and the roll rate are the output parameters that can estimate the
steering angle because the MCCs for these parameters with steering angle are strong; and, the lead
time is also sufficient to be used by the riders. Whereas, the correlation between the yaw angle and
steering angle is weak. The correlation between steering angle and yaw rate was strong (above 0.9) at
3 and 5 km/h. Although, it was not the parameter useful for the riders because its lead time was too
low and beyond the human limit to use it for estimating the steering angle.

Similarly, Figure 10 shows that the steering torque can be estimated from roll angle, roll rate and
yaw rate because the MCCs between the steering torque and these parameters are strong. Whereas,
the MCC between the yaw angle and steering torque was weak. The lead time for the yaw rate with
the steering torque is below 0.2 s, which was lower than typical human response time. Thus, the yaw
rate cannot be used by the rider for estimating steering torque, and it is a result of the change in other
parameters. Therefore, the roll angle and the roll rate are important output parameters used by the
riders to estimate the steering input to balance the motorcycle.

Further, the appropriate input parameter between the steering torque and the steering angle is
selected based on two requirements. Firstly, the multiple correlations between the input parameter
and output parameters i.e., roll angle and roll rate should be strong. Secondly, it is preferred to select
the input that can be applied as late as possible to accommodate the delay in the system.

The MRA was performed individually for steering angle and steering torque as a dependent
parameter using Equation (19). Figure 11a shows that the regression correlation between the identified
output parameters (i.e., the roll angle and the roll rate) and the steering angle was stronger than the
same with the steering torque. This shows that the steering angle can be estimated more accurately
than the steering torque. The lead time and the MCC for the steering torque with the steering
angle are shown in Figure 11b. The MCC between the parameters is strong. The negative lead time
(approximately —0.15 s) shows that the steering torque had a delay with respect to the steering angle,
which made it a suitable parameter for accommodating the delay in the system. Although, the steering
angle was selected as an appropriate input parameter as the priority is given to the accurate estimation
of the input parameter from the output parameters.
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Figure 11. Analyses to select an appropriate input parameter between the steering angle and the
steering torque. (a) Regression correlation for the steering angle and the steering torque; (b) Lead time
and MCC (R) for the steering torque with the steering angle.
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4.2.4. Output Parameter Evaluation

The steering angle was estimated from the roll angle and roll rate using the MRA Equation (19).
The mean values of the regression coefficients a1 and a, are shown in Figure 12, which can be defined

by Equations (20) and (21), respectively as a function of motorcycle speed v.
ap = 0.0110° — 0.270%> +2.50 — 5 (20)

1, = —0.0440% + 0.920 — 6.4 (21)

Gain Value
T
\
\
\
1

4t

5L ]

_6 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 1"

Speed (km/h)

Figure 12. Regression coefficients for roll angle (1) and roll rate (a2).

The steering angle estimated from the regression model is compared with its measured data from
the experiments as shown in Figure 13. Figure 13a,b show that the estimated steering angle matches
closely with the measured steering angle at speeds 3 and 5 km/h respectively. These results validate
that the regression model can be used for estimating the steering angle, using the roll angle and roll
rate accurately.
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Figure 13. Validation of estimated steering angle from the experimental measurements.
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5. Conclusions

In this research, the low-speed stability of a scooter-type motorcycle is studied using theoretical
and experimental methods. The regions for the stability of the motorcycle are determined from the
theoretical method. Subsequently, experiments are conducted on a straight path with professional
riders at speeds 3, 5 and 10 km /h. A detailed analysis of experimental data is performed using statistical
methods. Maximum correlation coefficient and lead time between input and output parameters are
calculated and compared to identify the important output parameters to achieve the stability of the
motorcycle at low speeds. Further, the appropriate input parameter is identified from a linear multiple
regression analysis between the identified output parameters and the input parameters. Following
conclusions are drawn from the study:

1. The experimental results validate that the theoretical method of analysis can be used to find the

regions of low-speed stability of a motorcycle.

2. The roll angle and roll rate are important output parameters to be assessed to achieve
low-speed stability.

3. The steering angle is the appropriate input parameter over steering torque for low-speed stability
because the regression correlation for the steering angle is significantly stronger than the steering
torque, with the roll angle and the roll rate.

In future, the results obtained from this research are to be used for developing a controller that can
enable a motorcycle in attaining the low-speed stability, which is to be validated by simulations and
experiments. Also, the theoretical model is to be improved by including other forces and parameters
such as overturning moments, tire thickness and pitch motion of the motorcycle.
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