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How Gearbox Ratios Influence Lap Time and Driving Style.
An Analysis Based on Time-Optimal Maneuvers.
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ABSTRACT

This paper presents an analysis of time-optimal
maneuvers of a race motorcycle in the circuit of Adria
(Italy) with different choices of gearbox ratios. The
minimum lap time is found by means of the Optimal
Maneuver Method, whose theoretical basis is presented
in [1], [3], [4], [10]. The method essentially solves a
two-point boundary value optimal control problem by
finding the driver's inputs that minimize an objective
function (i.e. the minimum-lap time). The good
agreement between the method results and data
acquired by a measurement system mounted on board a
motorcycle driven by expert drivers justifies its use as a
tool for vehicle set up and design parameters analysis.
In the past the method was extensively used to analyze
the influence, on racing vehicle performance, of
geometry, mass properties distribution, tire and engine
power characteristics as shown in papers [2], [6], [7].

In this work the importance of the gear ratios and their
dependence on the specific characteristic of a circuit
(number and types of curves and straight runs) is
investigated. The motorcycle power train is modeled by
specifying the envelope curve of the engine torque at the
rear wheel. It is assumed that any time the engaged
gear is that which yields the maximum thrust, although
throtting may occur in some part of the circuit.
Comparisons among optimal maneuvers obtained with
different ratio sets point out the importance of this
technical choice. Not only the final effect on lap time is
pointed out, but it is also shown how gearbox ratio
selection affects driving style in different part of the
circuit. A set with wrong ratios may result in time losses
in some curves or straights, not balanced by gains in the
remaining parts, which ultimately spoils the overall
performance. Tuning the gear ratios to the most critical
curves of the circuit makes the difference. Finally,
information helping drivers to improve can be drawn
from simulated maneuvers.
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INTRODUCTION

Engineers working for racing teams are always seeking
to improve their machines to go few decimals of second
faster. Experience and acquired data during tests on
circuits are essential in this work. However, during the
last decade many efforts have also been done to
develop software that simulates racing vehicles and
maneuvers as realistically as possible. This software
must be based on good models and methods to be
sensitive to parameter variations like the real vehicles
are. In fact, for instance, a parameter variation (say
centre of mass height) of few centimeters, and even few
millimeters, can be fundamental for a victory. The
Optimal Control approach applied to this field was
proved to be very effective. In particular the Optimal
Maneuver Method, the more specific application of
Optimal Control for assessing vehicle handling and
maneuverability, has been widely employed to study the
influence of inertial geometrical and tire parameters on
overall vehicle performance. Using the minimum lap time
as criterion, this method finds the fastest motorcycle
motion (i.e. trajectory, velocity, etc.) for a lap. It
calculates the optimal driver’s controls (typically steering
torque, braking and thrust forces). Since the maneuver
found is the best possible, the lap time can be used as
an objective performance index, and consequently it is
possible to compare different vehicles on the basis of
this “virtual” minimum lap time. The Method, solving
directly the equations of optimality condition (the so
called indirect approach), is very sensitive to parameters
variations, compared to the methods based on direct
approach ([4], [5]). This characteristic can be used to
choose the proper parameter values at design stages
and/or when setting up the vehicle in a specific
racetrack. Moreover, it yields also the driver's controls
(steering torque, throtting and braking) and the
trajectory obtained using these inputs. Information
derived from the analyses of these variables can be very
helpful to improve overall driver skills or correct some
driver's mistakes on specific curves.



The work presented on this paper exploits the Optimal
Maneuver Method properties to chose the correct
gearbox ratio set for the circuit of Adria (ltaly) and to
draw some information helpful for improving driver's
performance on the circuit. In the first section a
comparison with telemetry data is presented and the
realism of the simulated maneuvers is stressed. In the
second section the gearbox ratios of the reference
motorcycle are analyzed and then adjusted to yield the
better gearbox ratio settings for the circuit of Adria.
Finally, some considerations on the influence of the
modified gearbox ratios on lap performance are given.

THE OPTIMAL MANEUVER METHOD:
SIMULATING REALISTIC MINIMUM—TIME LAP
MANEUVERS

Firstly, to give more strength to the theoretical basis and
results of this Method, comparisons with data acquired
from an inertial measurements unit (three
accelerometers and three gyrometers, often called IMU)
placed on a sports motorcycle are presented. The test
circuit considered here is located in Adria (Italy) and is

made of short straights and many struggling curves, as
one may see in Figure 1. For better understanding
(especially the following section plots), the straights are
marked with letters, and curves with numbers both in
ascending order.

The mathematical model, used in this work, is an
improved version of the one described in [3]. This model
is suitable for the motorcycle gross motion description.
All model parameters were adjusted according to
accurate laboratory measurements of an RSV1000
Aprilia  sports motorcycle [8], [9]. The engine
characteristic was modeled with a spline curve fitting
nominal torque data as function of rpm.

In order to compare the IMU signals with simulated
maneuvers, the last ones were projected in a moving
reference frame consistent with that of the measurement
equipment on the sports motorcycle. It must be also said
that the test driver was expert, but not a professional,
and he was for the first time riding a motorcycle on that
circuit. This consideration has to be kept in mind when
conclusions on test driver’s performance are drawn.
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Figure 1 — Adria circuit. Main straights are marked with letters and curves with numbers

A first comparison between the simulated forward speed
and the experimental one is represented in Figure 2.
The experimental forward speed, which is measured
with a proximity transducer is relative to the front wheel
and does not consider the effect of tire toroidal radius
when the motorcycle is rolled. Besides the front wheel
speed is subject to slip during braking, which causes the
wheel to spin faster. Keeping in mind these facts one
can see that the test driver was not able to reach the
maximum values of the forward velocities obtained by

the simulation. The comparison also shows that during
braking phases it seems that the rider slows down more
than needed with respect to the simulation. Anyway, this
comparison may help the rider to understand where he
can improve his performance. For example the figure
show that in the rectilinear part (D) the gap between the
experiment and simulation reach the maximum value. In
fact the curve (4) and (5) show some differences that
suggest the rider to reconsider his maneuver in this part
of the track.



More interesting is Figure 3, which shows the
comparison of longitudinal accelerations. As one may
see the maximum and minimum value of longitudinal
acceleration and deceleration are almost the same,
except in three points corresponding to curves (1), (2)
and (6)) where the test driver did not use all available
braking force. Especially, in curve (1) and (2) it seems
that the driver hesitated when braking during curve
entering. Indeed, the test driver, with no knowledge of
these comparisons, in a posteriori discussion with
engineers said that he did not know which was the best
maneuver for those curves. Moreover the test driver
performed quite differently curve (4) where he
accelerated too much before entering the curve and for
this reason had to correct the maneuver during braking
phase. On the other hand simulation results suggest a

Figure 4. The main differences are visible in the roll rate
plot mainly on S shaped curves (4), (5) and (6), which
were indeed made in a different way than simulation, as
the same Figure 2 witness. The simulated roll rate is
higher because of the faster lateral direction changes,
(but probably the simulations produce a higher roll rate
also because of the simplification on the suspension
model). On the other hand one may remember that the
test driver was not a professional and he was driving for
the first time on that circuit.

The overall judgment of the comparisons is quite
positive, and proves that the Optimal Maneuver Method
is able to produce realistic racing maneuvers. Provided
that it is possible to use this method to tune and select
motorcycle parameters the results suggest that it is also

smoother maneuver, which, not forgetting that reality is possible to improve race driver's skill combining
harder than simulation, may help to improve the driving subjective driving feeling and simulated optimal
strategy of the test driver. The comparisons with maneuver.
gyrometers signals are fairly good as one may see in
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Figure 2 — Comparison of experimental and simulated forward speed
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Figure 3 — Comparison of experimental and simulated longitudinal acceleration on the moving reference frame
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Figure 4 - Gyrometer measurements compared to simulated on the moving reference frame

TUNING OF GEARBOX RATIOS

The objective of this section and of the following ones is
to use the Optimal Maneuver Method to adjust the
gearbox ratios in order to obtain improved performance
(i.e. reduce lap-time). The gearbox ratios to be modified
are the ones of the motorcycle used during experimental
tests, and next will be referred as reference motorcycle.
The analysis is carried out only on theoretical basis,
without experimental tests of the new set of gearbox
ratios. However, the simulated results are expected to
be reliable, being the Optimal Maneuver Method able to
produce realistic maneuvers.

The Optimal Maneuver Method computes, selecting the
proper gear ratio, the maximum available thrust force at
rear wheel according to the actual motorcycle velocity
and engine characteristics. Of course not necessarily the
whole maximum thrust force is used, but some throttling

may occur. Anyway, the combination of throttling and
proper gearbox ratio selection is always optimal in the
sense explained previously.

ANALYSIS OF REFERENCE MOTORCYCLE GEAR BOX

The ratios of the gearbox employed in the reference
RSV1000 Aprilia sports motorcycle are listed in the Table 1.

Gearbox characteristics
Rear wheel radius 0.32
direct gear ratio 15.07
1 gear ratio 2.50
2" gear ratio 1.75
3" gear ratio 1.39
4" gear ratio 1.09
5" gear ratio 0.96
6" gear ratio 0.85

Table 1 - Ratios of reference gearbox



Figure 5 shows the maximum thrust forces available at
the rear wheel at different vehicle speeds for each ratio
listed in Table 1 (grey lines in figure). The thick black line
is the envelope of said curves and represents the
maximum thrust force available in the range of speeds
observed in one simulated lap (15-60 m/s) supposing
that the ratio that gives the maximum thrust is selected
(which is assumed true).
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Figure 5 — Longitudinal thrust force at rear wheel for each gearbox ratio

Figure 6 superimposes the longitudinal thrust actually
used by the “driver” to the data already shown in Figure
5. Comparing the used force (the dotted lines) with the
available maximum force (thick line), it is possible to
distinguish three zones in the figure. Area A (speeds
from about 15 to 25 m/s) marks a range where the
available thrust force exceeds the needed one.
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Figure 6 — Used thrust force and maximum available thrust force

In area B (speeds from about 25 to 60 m/s) the used
thrust force reaches the maximum available force. In this
area, if the limit were higher, the “driver” would probably

get a tangible advantage in terms of lap time. Finally,
area C corresponds to a range never used, which is
clearly due to the short straights that prevent reaching
high speeds. From a practical point of view, this means
that the 5" and 6" gears are useless on this circuit.
Moreover, since in area A there is an unexploited extra
force the 1 gear ratio can be better adjusted. The
previous considerations suggest substituting 5" and 6"
gear with other two of a lower ratio, to be inserted
between gear first and second. So a new set of gearbox
ratios are chosen in order to increase the maximum
thrust force within the range of speed from 25 to 45 m/s.

ANALYSIS OF IMPROVED MOTORCYCLE GEAR BOX

According to information derived from previous section a
new set of gearbox ratios was tested on the same
circuit. Gear first, fifth and sixth have been modified as
listed in the Table 2 (in bold modified gearbox ratios).

Gearbox characteristics
Rear wheel radius 0.32
direct gear ratio 15.07
1* gear ratio 2.30
2" gear ratio 2.05
3" gear ratio 1.90
4" gear ratio 1.75
5" gear ratio 1.37
6" gear ratio 1.09

Table 2 — Ratios of modified gearbox. In bold modified ratios
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Figure 7 - Comparison of gearbox characteristics

Figure 7 illustrates how the new set of gearbox ratios
makes available an extra thrust force within the range of
speeds from 30 to 40 m/s, as desired according to the
results of previous analysis. (In figure the new engine
characteristics for each gearbox ratio are marked with a
circles. Old ones are marked with a square).
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