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I. INTRODUCTION

EAR shifting is undoubtedly a crucial operation for all
G vehicles, both for its impact on driveability and comfort
and for its crucial link with engine and clutch performance and
operation. In fact, in the scientific literature, several efforts have
been done to study this maneuver and to propose active control
systems to deal with automatic management of gear shifting,
mainly tailored to four-wheeled vehicles (see, e.g., [1]-[5]).

Within this context, this paper first analyzes the characteris-
tics of the motorcycle gear shift maneuver, and it proposes a
way to estimate the maneuver quality from measured data (see
also [6]). The final goal of this classification is to automatically
and quantitatively describe the performed maneuver and label
it with a quality attribute matching that assigned by the rider.
Based on this initial step, an automatic control system will be
designed, and its performance is evaluated due to the same
cost functions that assess its suitability for the considered
application. To realize the proposed controller, it is necessary
to accurately regulate the clutch position to enable tracking a
predefined reference profile for the engagement of the new gear.

In the motorcycle field, automatic clutches are not yet
widely used; however, the increasing demand for transmission
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efficiency and performance, together with the availability of
compact and reliable automatic drivetrains, calls for a more
automated clutch system. In this context, as it is for racing
cars, wet clutches are generally used, instead of the classical
dry clutches, because of their better performance and heating
efficiency. On the other hand, however, wet-clutch control is a
more difficult task compared with the control of a dry-clutch
system, mainly due to system complexity and stiffness, as
pointed out in [5], [7], and [8].

In this paper, we will present the identification of the position
dynamics of the electrohydraulic clutch installed on the test
vehicle and design a position controller that fulfills the tracking
specifications of the gear shift controller. It is worth noting
that automatic gear shifting for two-wheeled vehicles is a new
research area that is largely, if not completely, unexplored, and
this work constitutes, to our best knowledge, the first scientific
contribution to address the design of an automatic gear shift
controller for this type of vehicle. An automatic gear shift might
be of interest both for touring bikes, with the aim of reducing
the burden of the riding activity, and for sport motorcycles,
where a performance-oriented gear shift has the potential of im-
proving vehicle driveability. The management of a motorcycle
driveline system, in fact, is a complex task, due to many critical
aspects related to the stability and safety of vehicle motion.
Moreover, the needed operations have to be coordinated on a
timely basis so as to achieve a good maneuver from the rider’s
point of view, while minimizing both the mechanical and the
thermal stresses of the driveline components. In this context,
automatic management allows the achievement of a prescribed
and repeatable vehicle behavior independent of the rider’s abil-
ities. Further, although bike enthusiasts are sometimes reluctant
to accept electronic aids that, in their view, may alter the riding
experience, traffic conditions and oil prices have opened the
way to the spread of two-wheeled vehicles for short-range
travels. In this context, the vehicles are used by people that
usually drive a car and, thus, welcome active control systems
that make the two-wheeled vehicle dynamics easier to manage.

With respect to the existing literature previously presented,
the strength of the proposed approach is its detailed validation
in an experimental setting, which, of course, poses many more
problems than a simulation-based setting, where the computa-
tional constraints, the sensor and actuator imperfections, and
the related measurement errors, saturations, hysteresis, and the
like are not present. Furthermore, as far as the control approach
is concerned, our method is based on a standard control de-
sign method, with ad hoc refinements to deal with the afore-
mentioned limitations of vehicle instrumentation. Further, the
objective cost functions allow us to quantitatively measure the
improvements enabled by the proposed approach. The proposed
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Fig. 1. Schematic view of the vehicle drivetrain.

shifting control policy was tested on a sport vehicle, trying to
capture all the relevant features of the considered maneuver,
which are related both to performance and rider’s comfort.

The structure of this paper is as follows. Section II provides
a description of the test vehicle and of the considered transmis-
sion. Section III compares automatic and manual gear shifts.
Further, Section IV presents the quality indexes designed to
judge the gear shift quality. Section V focuses on the design
of a novel gear shift controller, whereas Section VI discusses
the experimental results obtained on an instrumented sport
motorcycle.

II. EXPERIMENTAL LAYOUT

The test vehicle considered in this work is an instrumented
sport motorcycle, 750 cc and approximately 100 HP, equipped
with a controllable gearbox. A schematic view of the transmis-
sion system is shown in Fig. 1.

The clutch mechanically connects the engine to the rear
wheel, regulating the percentage of engine torque that flows
through the drivetrain and reaches the rear wheel. More pre-
cisely, the transferred torque depends on the relative position of
clutch plates, which is adjustable by regulating the oil pressure
in the hydraulic clutch actuator chamber: If no force is applied
on the clutch (i.e., the oil pressure in its chamber is nearly zero),
the clutch plates are firmly connected by the clutch springs,
and all the available engine torque reaches the gearbox. On
the contrary, if the oil pressure in the actuator chamber is large
enough to counteract the spring force, the clutch is disengaged
(i.e., its plates are mechanically separated), and no traction
torque reaches the rear wheel. The position interval within
which the clutch plates effectively transmit torque represents
a modest percentage of the whole clutch position excursion,
generally approximately 25% -+ 30%. This interval starts at
the so-called kiss-point position [5] and ideally ends when the
clutch is completely closed. The kiss-point position is generally
at approximately 70% of the overall clutch stroke, which makes
the effective torque modulation interval to noticeably shrink,
thus having a significant impact on the control design phase.

The main components that constitute the experimental layout
are represented in Fig. 2.

The oil pressure in the clutch actuator chamber can be
controlled both by the rider via the manual clutch lever and
by the electronic control unit (ECU) via a proportional elec-
trohydraulic valve (EVC). The EVC position sensor measures
the displacement of the EVC valves and, assuming that the
physical link between it and the clutch plates is rigid enough,
this measurement can be considered proportional to the true
displacement of the clutch plates.
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Fig. 2. Schematic view of the hydraulic layout of the vehicle transmission.

The barrel can assume six different positions (corresponding
to the six gears of the motorcycle) that can be sequentially
selected both by the rider via the gear pedal (in manual gear
shifts) and by the ECU via two three-way directional EVCs
(EVU and EVD, respectively, which can assume open, close,
and hold positions) that move the barrel from the current
position to the upper or lower position. The barrel position can
also be measured by means of a position sensor mounted on the
gearbox crankcase.

All the hydraulic users share a common hydraulic circuit,
which consists of an oil tank and an accumulator, the pressure
of which is measured by means of the pressure sensor PS and
is kept as constant as possible with an oil pump.

The experimental layout also allows the ECU to temporarily
inhibit the spark plug ignition by activating the so-called cut-off
signal.

Finally, the motorcycle is provided with a clutch switch
sensor MS, which detects when the clutch lever is pulled by the
rider, and two buttons, i.e., UB and DB, that the rider uses to
request an automatic up or down gear shift, respectively. Other
useful information (e.g., engine speed w, and throttle handle
opening) can be accessed via the motorcycle CAN bus.

III. ANALYSIS OF THE GEAR SHIFT MANEUVER

Here, a preliminary automatic gear shift logic is presented,
and a comparison with manual shifts is considered.

A. Quickest Automatic (QA) Gear Shifts

The considered prototype is equipped with an automatic
open-loop gear shift logic that comes from the racing-car
practice and works as follows. When the rider requests the up
gear shifting (i.e., when he/she presses the UB button), the cut-
off and the directional valve EVU are activated. The spark plug
ignition is inhibited, and the barrel is moved to the position
corresponding to the incoming gear. As soon as the barrel
reaches the target position, the cut-off is switched off, and the
EVU is kept at the hold value for a fixed duration of time 7}.
Once this time interval has elapsed, the gear shift is assumed to
be completed.
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Fig. 3. Time histories of the signals recorded during a (I-II) gear shift with

the QA logic.

The controller uses the cut-off signals and not the clutch
to manage the gear shift, and the latter is not involved in the
maneuver at all.

The time histories of the signals recorded during a QA
gear shift maneuver are shown in Fig. 3. The up gear shift
starts when the rider presses the UB button, i.e., t ~ 11.4 s;
immediately, the cut-off and EVU are activated (squared and
circled lines in the bottom of Fig. 3). The engine is not fed, and
the barrel (solid line) is moved with its maximum speed to the
new position. As it reaches the target position (i.e., the position
that corresponds to the next gear; dotted line in the bottom plot
in Fig. 3), the cut-off is switched off, and the EVU is kept at the
hold position.

The gear shift duration is the lowest possible (it only lasts
within the time interval needed to move the barrel), but the
maneuver is extremely uncomfortable for the rider, as shown
in Fig. 3. When the cut-off is deactivated (¢ ~ 11.52 s), the
engine speed is almost equal to its value at the beginning of
the maneuver (see the squared line in the top plot), but the
transmission ratio between the engine and the wheel is now
different (as can be seen from the barrel position in the bottom
plot). This implies that huge variations in the vehicle speed
occur (see the circled line in the top plot, for 11.5 < ¢t < 11.7 s)
with negative consequences on both comfort and driveability.

B. Manual Gear Shifts

Manual gear shifts are performed in a completely different
way. Specifically, the rider first opens the clutch, then moves
the barrel to the position corresponding to the incoming gear
while the clutch is open, and finally releases the clutch lever,
thus closing the clutch.

In this case, all the operations are sequentially done, increas-
ing the whole time duration of the maneuver (with respect to
the previously discussed automatic logic) but keeping a good
level of comfort. The sequence of operations is repeatable from
rider to rider, but different driving styles (e.g., comfort-oriented
or performance-oriented) sensibly modify the time duration of
each operation, also impacting maneuver comfort.
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Fig. 4. Signals during an UP (I-1I) manual gear shift.

The time histories of the signals recorded during a manual
gear shift are shown in Fig. 4. The maneuver starts when the
clutch lever is pulled (¢ ~ 10.3 s, i.e., when the MS signal is
activated (see the vertical dashed line in Fig. 4); when the clutch
is open (note that the clutch position measure is not available
in manual gear shifts), by acting on the gear pedal, the rider
inserts the desired gear (see the barrel position signal; solid
line in the bottom plot) and, finally, releases the clutch lever, to
close the clutch. Different from what happened in the QA gear
shifts, the vehicle speed is constant during the whole maneuver,
whereas the throttle request significantly varies when the clutch
is disengaged (solid line in the top plot), to avoid an engine
speed overshoot when the clutch is opened.

IV. OBJECTIVE ASSESSMENT OF THE
GEAR SHIFT QUALITY

In the industrial context, once the control design phase is
accomplished and the control system is implemented in final
products, an end-of-line tuning phase is usually scheduled
to deal with constructive tolerances and production spreads
(see e.g., [9] and [10]). This phase is usually carried out by
human testers, who optimize the controller parameters based
on personal driving preferences and experience. Thus, since no
objective indexes to evaluate the gear shift performance and
comfort exist, a gear shift can be qualified as comfortable by
one operator but not by another. This means that final tuning can
lead to very different gear shift behaviors on different vehicles
of the same type.

To address this significant problem and to obtain indications
that may guide also the design of the gear shift controller,
here, we propose a way to estimate the maneuver quality
from measured data. The final goal is to automatically classify
the performed maneuver and label it with a quality attribute
matching that assigned by the rider. This is to be seen as the
initial step necessary to design and tune an automatic control
system, where the controller parameter values can be adjusted
according to predefined cost functions until a given quality of
the gear shift is achieved.

For the considered maneuver, the most important charac-
teristics that concur to define its quality are the gear shift
duration (in principle, one would like to complete the maneuver



in the shortest possible time), the rider’s comfort during the
disengagement of the outgoing gear and the engagement of
the incoming gear, and the overall maneuver performance ex-
pressed in terms of the capability of continuously transmitting
torque to the ground. These objectives, of course, give rise to a
tradeoff, as in general, a quick gear shift tends to induce large
accelerations and decelerations, which are the primary source
of discomfort for the rider and of poor performance.

A. Duration Index Jr

The duration index Jr is used to measure the time dura-
tion of the gear shift. According to this specification, Jr is
defined as

\7T = tfin — tin (1)

where ,,, is the time instant at which the gear shift commences,
whereas ty;, is the final time instant. Since the gear shift
starts with a rider’s request, in automatic mode, t;,, is uniquely
determined as the time instant at which the UB or DB buttons
are pressed; in manual mode, instead, the gear shift starts when
the clutch-lever switch MS is activated.

To determine the gear shift end, otherwise, there are no
measured signals that can be directly employed. Thus, we start
from the observation that the gear shift has the objective of
varying transmission ratio 7, which is defined as the ratio
between vehicle speed v and engine speed w,, i.e.,

T=— 2)

where 7 is the average wheel radius. Since at steady state
(i.e., once the gear shift is completed and the incoming gear is
engaged) 7 is constant, ? y;, can be estimated as the time instant
in which 7 becomes equal to the value that corresponds to the
incoming gear. More specifically, 7, can be estimated as the
first time instant ¢; at which transmission ratio 7 assumes
the value corresponding to the incoming gear.

In practice, however, this approach can lead to two prob-
lems. First, using ¢; as the final instant of the maneuver can
cause sensible errors in the duration estimation, especially for
particularly sharp maneuvers in which 7 signal exhibits con-
siderable oscillations around its nominal value also beyond ¢,
which means that the maneuver cannot be actually considered
completed at ¢ = ;. Second, also at steady state (i.e., when the
gear shift is concluded and the motorcycle proceeds with the
selected gear), oscillations of small yet nonnegligible amplitude
of the transmission ratio around its nominal value 7° may still
be present. This is mainly due to the transmission elasticity
and measurement noise and can cause errors in the correct
determination of ¢;.

As such, the scatter of the samples of 7 measured on a very
large number of gear shift maneuvers around the known nomi-
nal values 7 was computed (see Fig. 5). This analysis showed
that all sample values vary within a range of approximately
+2.5% around the nominal value. Therefore, the =3% band
around the nominal values 7° is considered, which ensures a
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good approximation of the sample distribution, as confirmed in
Fig. 5. Time instant ¢; is computed as the first time instant at
which the computed transmission ratio 7 enters in this band.

Based on this rationale, time instant ¢ y;, at which the gear
shift ends is defined as

trin =t1: {7(t1) = 7° £ 3%} . 3)
Based on (3), the maneuver duration is computed as
T=1t1—tlin 4)

where t1 is as in (3). The gear shift duration defined in (4) can
be used to evaluate manual gear shifts only. In automatic gear
shifts, in fact, the significant oscillations induced in the vehicle
speed by the current controller also reflect on the transmission
ratio signal.

To measure the gear shift duration in this case, one should be
able to determine when the clutch is fully engaged and the new
gear is selected. To do this, a statistical approach was used, and
the duration index is computed as Jp = T'6, where T is as in
(4), and ¢ is given by

P

S-S )
N

where N is the number of 7 samples in a given time window,
P is the number of such samples that lay outside the +3%
range, and a is a parameter that allows tuning the sensitivity of
0 to the oscillation magnitude. More specifically, to compute
0, one must fix the duration of a time window over which
to observe the transient of the transmission ratio, based on
which parameter N is computed. In our work, experimental
observations led to fixing the duration of such a time window
to 300 ms, as it proved to be enough to account for the
oscillations of the transmission. (Note, in fact, that the transient
of the transmission ratio also comprises oscillations that are
due to the wheel slip dynamics and that, in general, occur at
higher frequency and reduced amplitude with respect to the
transmission ones, but concur to yield a longer transient than
one would have with the sole transmission elasticity.) As for
parameter a, it is designed so as to penalize a shift in which
there are oscillations in the transmission ratio with respect to
another one in which they do not appear. Its value was tuned
by looking at the worst shifts as far as the duration of the

5:



oscillations in the transient is concerned, so that these have a
penalty of 100% (i.e., d = 2) with respect to the best shifts.
After comparative analysis, a = 2 was used, and the optimal
time window length was set to N = 300 ms (with a sampling
interval of 10 ms).
Remark 4.1: From (1) and (4), it is easy to show that the time
instant at which the gear shift is completed is given by

trin =t10 — tin(0 — 1). (6)

Note that, in the absence of oscillations (i.e., in manual gear
shifts), 6 =1 (since P =0), and then, t¢;, =t;. In other
words, § penalizes the standard duration only if there are
oscillations on 7; otherwise, Jr = T

B. Discomfort Index Jp

Several studies have been carried out in the automotive
context, showing good results in evaluating comfort via acceler-
ation measurements (see, e.g., [11]). More specifically, comfort
is related to the absence of jerk, which represents the time
derivative of the acceleration [12].

Thus, in principle, an ideal gear shift should take place with
constant longitudinal acceleration, i.e., with jerk that is equal
to zero. Using this assumption to build a jerk reference profile
7°, however, would result in a too demanding performance
specification. Hence, an admissible jerk reference profile is
defined starting from a speed reference profile v°, which is
defined as follows:

’Uo(t) = U(t), te [t”, — At,ttn)

o tfin )0 (tin)
vo(t) = W) tn)
fin (7)
+ 0(tin), te [tm,t}in}
vO(t) = v(t), t>

where v(t) is the measured vehicle speed, obtained as the
average of the linear wheel speeds, and ¢%, fin 18 computed as

tfm fm + At ®)

where tjl?m is the time instant after which transmission ratio 7
stays within the +3% band around the nominal value for all
future times (up to the next gear shift), and At = 300 ms is a
fixed time interval used to ensure the smoothness of the speed
profile.

Remark 4.2: Note that, in manual gear shifts, t?m =1tpin =
t1 [see also (3)]. This is correct, since a manual gear shift ends
att = t;, as no oscillations in the vehicle speed are present.

Once the speed reference profile v° has been defined, the
longitudinal jerk profile j° can be easily obtained by differenti-
ation, as

d2

5°(t) = 50" (0). ©

t

Based on the jerk desired profile, the discomfort index is

computed as
\/ S
12t (

—j(t))?

(10)

where S is the number of the samples in the time interval
t € [tin,t fm] and the normalization with respect to the engine
speed is necessary to remove the speed dependence in the
discomfort evaluation.

Remark 4.3: To avoid jerk from noisy measured data in the
case when only speed measurements are available (the test
motorcycle is equipped with an inertial platform to measure
longitudinal acceleration), it is possible to assess the gear shift
discomfort by means of Jp ., which is defined based on the
speed reference profile as

> i7in
t=t;
flwe,v =

where S is as in (10), and f(w,, v?) is a normalization function
depending both on engine and vehicle speed. Suc correction
has to be used to remove both the dependence from engine
speed [as it was the case also for (10)] and to take into account
the aerodynamic effects, which do not influence the jerk-based
indicator. In what follows, the computation of the discomfort
index is carried out using the jerk-based cost function (10).

—o(t))’

IDw (11)

C. Performance Index Jp

An important characteristic of a gear shift is its performance,
which is related to the capability of continuously transmitting
the torque to the wheel during the maneuver, thus avoiding
decelerations. Specifically, the performance index is defined as
ap — ap

Jp = g(v) (12)

ap

where ap and ap are computed as the average acceleration
in a fixed time window before the gear shift and the average
acceleration during the gear shift, respectively. Namely

'Uo(tin) — Uo(tin — At)

ap =

At
vO(tsin) = v°(tin)
= 13
“b tfi,n —tin ( )

and ¢(v) is a speed-dependent weighting function that was
tuned to remove the speed dependence exhibited by the ac-
celerations. As a matter of fact, according to the specific gear
shift, the acceleration involved can be significantly different.
As a consequence of its definition, [Jp assumes lower values
for high-performance maneuvers and high values in poor shifts.
From experimental analysis, a good value for the time-window
length At, used to compute ap is At, = 500 ms, while a
more reliable estimation of ap is obtained if t’f?jm is considered
instead of ¢ 7, in (12).

From experimental data, it was observed that the ratio (ap —
ap)/ap linearly varies with the speed at which the gear shift
commences, i.e., with v(t;,). As such, a speed-dependent
weighting function g(v) was tuned to remove such dependence.
Note finally that, since g(v) > 0, the performance index is
always nonnegative.

Remark 4.4: Expression (12) is always well defined except
for ag = 0. Although this seldom occurs in practice, since
the rider in general requests a gear shift when he/she intends



to obtain an acceleration variation and due to measurement
noise, this event is properly managed. To this end, the rider was
asked to perform several gear shifts, keeping the initial speed as
constant as possible (so as to have ap ~ 0). Jp was computed
for these maneuvers, and a reasonable upper bound Jp,, = 2.5
was found. Having determined Jp,,, the final expression for
the performance index is Jps = min{Jp, Jp,, }

D. Penalized Duration Index Jpp

The overall assessment of the gear shift quality expressed
in 3-D space can be difficult. As such, one may notice that
both the duration index and the performance index penalize the
same aspect of the maneuver. Therefore, the two indexes can
be merged to give the penalized duration index Jpp, which is
given by

Jpp = JIr(1 +~vJTp)

where -y is a positive constant that can be used to weigh the two
terms in Jpp as desired.

(14)

V. PROPOSED GEAR SHIFT CONTROLLER

This section illustrates the proposed gear-shifting automatic
control logic, which aims at maintaining the performance of the
QA controller as far as duration is concerned, while improving
comfort by minimizing the accelerations perceived by the rider
during the maneuver.

A. Gear Shift Controller

To combine the positive aspects of both the existing gear shift
policies, namely, the comfort of the automatic one and the du-
ration of the QA, a mixed automatic control logic was designed,
which makes use of the cut-off signal (as in the QA logic) but
also adds the active modulation of the clutch position, to smooth
the abrupt variations of the speed at the end of the maneuver,
which occur when the cur-off is disabled and are a major
source of discomfort. As in the QA approach, the maneuver
commences when the rider presses the UB button. Immediately,
cut-off signal is applied, and both clutch and barrel valves are
activated. As no traction torque flows through the drivetrain in
this time interval, the barrel can be rapidly and safely moved to
the position corresponding to the incoming gear. Once this has
been done, the cut-off is deactivated, and it is possible to smooth
the engine torque transient by controlling the closing phase
of the clutch. It is worth noticing that, according to this ratio-
nale, the cut-off signal has to be synchronized with the clutch
position (and not only with the barrel), deactivating it only
when the clutch plates reach the kiss-point position xj. This
operation is necessary to avoid overshoots in the engine speed,
since in the experimental layout, the cut-off signal constitutes
the only means to control both the torque in the drivetrain and
the engine speed.

The given mixed control strategy admits two different imple-
mentations, namely, an open-loop (M-OL) and a closed-loop
(M-CL) strategy. The first one consists in fully opening the
clutch EVC valve for a fixed time interval 7T,,, without any
direct control on its position, whereas the latter requires an
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Fig. 6. Typical time history of the clutch set point z°(¢) used in the M-CL
control strategy.

accurate position controller, able to track a suitable position
profile.

Remark 5.1: The M-OL strategy requires the definition of an
optimal value for the duration of the time interval 7)5,, during
which the clutch input current must be kept at its maximum
value to ensure that when the barrel reaches its target position,
the clutch is at its kiss-point position. In this way, the best
tradeoff between gear shift time duration and comfort level
is achieved. Note, in fact, that it is not possible to design a
tracking loop that regulates the clutch position based on the
barrel position feedback, as in the considered layout, the barrel
position is a signal that takes on a finite number of values, which
correspond to the positions of the different gears plus that of
the neutral. When moving from one position to another, in fact,
the output of the position sensor is not reliable, and thus, it is
not possible to employ such a measurement for feedback. Thus,
the clutch opening time 7},,, was tuned to be large enough to
cope with the variability of the time that the barrel takes to
move from one position to another under the different working
conditions. Note, finally, that 77, slightly varies from one gear
shift to another, and thus, it is difficult to fix a value off-line
that provides good performance under all working conditions.
This is the main motivation that led us to define the closed-
loop mixed control approach (M-CL), which, at the price of an
increased architectural complexity, allows us to better adapt the
maneuver performance to the different situations via the clutch
position feedback loop.

In the M-CL approach, the clutch position profile z° is
determined as follows. Its initial value is set to z° = 1, i.e., it
corresponds to the position of the closed clutch. When the UB
button is pressed, the set point immediately changes stepwise
to z° = x; — Az, which allows us to open the clutch safely
beyond its kiss-point position zj (setting Az = 0.25x; was
determined to be appropriate). The set point is kept constant
until the barrel reaches its target position, ensuring that no
torque flows through the drivetrain in this phase. Finally, the
clutch is closed according to a ramp profile, the slope of which
is a design parameter. A typical time history of the clutch set
point 2°(t) used in the M-CL control is shown in Fig. 6.

With respect to the M-OL approach, the tracking of such a
reference position profile ensures a finer control of the trans-
mitted torque at the end of the maneuver, not only giving the
possibility of adapting the clutch closing phase (by varying the
ramp slope) to different working conditions but also allowing
synchronization between the barrel and the clutch. In fact, the
closing ramp starts exactly when the barrel reaches its target
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Fig. 7. Quasi-static system response in the input/output plane. (Left) Hystere-
sis diagram obtained in different tests. (Right) Difference in the hysteresis for
(solid line) cold and (dashed line) hot clutches.

position (which is a measured variable), thus inherently coping
with its dynamic variations.

B. Identification and Control of the Clutch Position Dynamics

To implement the M-CL gear-shifting logic, a clutch position
controller is needed. To design it, a control-oriented model of
the actuator dynamics must be found. To this aim, identification
experiments were carried out on the test vehicle. The first test
aims at the characterization of the steady-state relationship
between input variable u (i.e., the applied PWM on the EVC
valve) and measured output x (i.e., the clutch position). To
do this, the system was fed with a sequence of ascending
and descending ramps of reduced slope. Several experiments
were carried out considering two different temperature ranges
T <70°Cand T > 70 °C, and the obtained results are shown
in Fig. 7 in the input/output plane = versus wu.

By inspecting Fig. 7, one immediately notices that the sys-
tem exhibits a significant hysteretic behavior. Moreover, the
system is not repeatable, as the left plot shows a large spread
among different experiments. In the right plot, a zoom of the
input/output characteristic is shown, in which the average value
obtained in all experiments carried out in the same temperature
range is depicted. As can be seen, there is a considerable
difference between the cold (solid line) and the hot (dashed
line) behavior, mainly due to the viscousness of the clutch oil,
which largely depends on its temperature. In the following, only
the hot profile will be considered, since the normal operating
temperature range of this component is above 70 °C.

Finally, consider the horizontal and vertical bars that refer to
the left plot. The first represents the range of PWM input u, i.e.,
from O to 1, with the light- and dark- gray zones representing
the (very limited) range of inputs that is of interest for the
clutch movement (it is approximately 14% of the whole
range). Further, the dark-gray intervals, which are even smaller,
are the range of values of u that manage the overall torque
modulation. The corresponding values of the clutch position
that are related to torque transmission are those in the dark-
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gray interval (accounting for approximately 20% of the entire
clutch stroke) of the vertical line, which represents, again in
a normalized description, the overall variation of the clutch
position. This analysis reveals that the effective modulation
range of the control variable is u = [0.14,0.18] U [0.3,0.34],
which is approximately 8% of the whole range. This would
not be a problem per se, if the resolution of the PWM mea-
surement were very high. Unfortunately, it is tuned according
to the whole range, and it is Au = 0.001. This means that to
actuate the full torque transmission in the considered clutch,
input u can take only 80 different values (over 1000), thus
making the quantization effects significant. Further, due to the
friction characteristics, the system exhibits a fwo-state behav-
ior. Specifically, as soon as the excitation signal reaches an
amplitude large enough to break the static friction, the clutch
plates move to a fully open (or closed) configuration, although
slowly. Due to the rwo-state behavior of the open-loop clutch,
the identification experiments were carried out in closed-loop.
To do this, a preliminary stabilizing position controller was set
up to allow the tracking of a low-frequency position profile.

With the designed PI controller, further closed-loop experi-
ments were carried out, using as input a single-tone sinusoidal
signal and using a testbed where the engine speed is constant
while the first gear is engaged and the rear wheel is free to roll.
The controller was fed with a clutch position set point centered
at x° = 0.5. After steady-state conditions are reached, a single-
tone sinusoidal signal is added to the set point z°. The tests
spanned a frequency range from 0.5 to 14 Hz, with an amplitude
equal to 25% of the overall position range, tuned to ensure that
the linearity assumption holds.

For each experimental test, a nonparametric estimate of the
system frequency response was obtained by windowed spectral
analysis of the input/output cross-spectral densities [13]. The
results are shown in Fig. 8.

The same test procedure was performed starting from dif-
ferent clutch positions (i.e., considering different values of the
controller set point z°); however, no sensitive differences were
found in the resulting frequency response estimates. Using
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an equation error method [14], a parametric estimated was
obtained, i.e.,

p(1 + sT%)

G(s) = (1+ sTp) (1 + sTp2) (1 + sTy3)

e T =G (s)e 7.
15)

The obtained transfer function is shown in solid line in Fig. §,
and its parameter values are u = —10.54, T, = 0.005, T},; =
0.0474, T, = 0.0325, and T,3 = 0.0246. The delay 74 =
0.019 s, mainly due to the pipeline geometric size and the
maximum admissible fluid flow rate, has been estimated via
cross-correlation analysis of the input and output signals. As
can be appreciated, the fitting between measured data and the
analytical model can be regarded as quite satisfactory.

Remark 5.2: The phase diagram of the identified G(s) given
in the bottom plot in Fig. 8 does not explain the experimental
points for f <1 Hz, which appear to be all close to ¢ ~
—280°. As will be clear later, at low frequency, the static
friction effects are stronger, thus resulting in an extra delay
that is not attributable to the linear dynamics of the system.
For this reason, the control system must be augmented with an
appropriate compensation for such an effect.

Based on the identified model (15), a linear controller was
designed and complemented with a Smith predictor to deal
with the system delay (see Fig. 9). The time delay 7, was
approximated with a second-order Padé polynomial expression
D(s) to achieve a good approximation up to approximately
15 Hz, yielding

1—-057gs +7352/12
1405748 + 7252/12

D(s)

so that the predictor takes the form

TdS
1+ 0.574s + 735%/12

P(s)=(1 - D<s>>6’<s>=( ) a'(s)
(16)

while the linear controller R(s) is a second-order filter with
transfer function

(1 + STzl)(] + STZQ)

R(s) = 17

() =9 s(1 4 sTp) (7

where T3, = 0.0833, 7., = 0.0325, and 7}, = 0.0033. The
gain was set to g = —5.91, which yields a closed-loop cut

frequency of f. ~ 10 Hz.

Due to the significant hysteresis and static friction effects,
the linear controller alone is not able to guarantee good system
performance during transients, displaying a considerable delay
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Fig. 10. Closed-loop system response (left) without and (right) with the
feedforward action.

in tracking the set point, particularly apparent when analyzing
step responses. To overcome this limitation, a piecewise con-
stant feedforward signal is added to the control action uc, so as
to keep the closed-loop system to operate within the region in
which the linearity assumption holds. The feedforward signal
up is computed based on both the first-time derivative of the
set-point signal 2° and the last value of the linear controller
output uc(t — At). If the clutch is required to open (i.e., if the
value of x° decreases and #°(t) < 0), the control action has to
be brought near the opening branch of the hysteresis character-
istic (point A in Fig. 7) by applying up(t) = A — uc(t — At).
On the contrary, if 2°(¢) > 0, the working condition must be
near the closing branch (point B in Fig. 7), so that up is
switched to up(t) = B — uc(t — At). Note that the signal
ur is kept constant, whereas z° does not change in sign. In
particular, to avoid undesired commutations, a threshold with
hysteresis was defined around @° zero value. Furthermore, in
view of the spread of the system steady-state characteristic,
values A and B were experimentally tuned (yielding A = 0.245
and B = 0.215), while At = 1 ms is the ECU sampling time.

In Fig. 10, the closed-loop system response is shown with
and without the feedforward component. In this experiment,
the motorcycle was kept at constant engine speed, the first gear
was engaged, and the rear wheel was free to roll. After reaching
the steady state, the controller was fed with the clutch position
set point represented with the dashed line in the figure. As
can be seen, the feedforward action allows managing the static
friction, which, in turn, makes it possible to track faster and
larger position variations.

Remark 5.3: Based on the defined quality indexes, optimal
control techniques could be, in principle, adopted for control
design to achieve the best tradeoff of the cost functionals. To do
this, however, one should have a very reliable model for the dy-
namics, which, as discussed, is hard to achieve with the needed
accuracy and must be derived from blackbox identification ex-
periments. Furthermore, the cost functions defined in this work
would call for setting up a numerical optimization problem,
which should be solved online with considerable computational
effort, not compatible with the capabilities of the vehicle control
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unit. Moreover, the optimal solution of such an optimization
problem is an open-loop sequence of control values. Although
closed-loop optimization-oriented control approaches are avail-
able, the most significant of which is model predictive control
(see, e.g., [15], [16] and references therein), its use would not
allow employment of the selected cost functions, and its online
implementation on vehicle electronic boards is hard to realize
with the sampling time needed by the gear-shifting dynamics
(1 ms). This is why in the considered application, it seems
more reasonable to design the control system based on standard
techniques and then use the cost functions to quantify the
system performance and to objectively guide the tuning of the
controller parameters.

VI. EXPERIMENTAL RESULTS

To test the performance of the overall approach, experimental
data were collected from tests carried out with a professional
rider. Specifically, we will compare the performance of the
manual and QA approaches with the M-OL and M-CL logics
developed in this work. The rider was also asked to perform
two different sets of manual shift: the first with a performance-
oriented riding style and the second with a comfort-oriented
riding style. The quality indexes presented in Section IV were
computed for each type of gear shift, and the results are plotted
in the (Jpp; Jp) plane and shown in Fig. 11. To improve
readability, a single point is represented for each gear shift, the
coordinates of which are the average of all the maneuvers of the
same type. Gear shifts of the same nature are then grouped to
better appreciate their distribution in the plane.

As can be seen, M-OL gear shifts are quite disperse in the
comfort direction and are scattered in the evaluation plane
similarly as those obtained with the QA approach. On the
contrary, the performance obtained with the M-CL algorithm
in the different gear shifts is much more clustered, confirming
the greater repeatability ensured by the closed-loop clutch
controller. The M-CL approach also yields the best comfort
level (superior to the comfort-oriented manual shifts) and a
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Fig. 12. Results of the quality assessment of up gear shifts in the (Jpp, Jp)
plane obtained with the M-OL and M-CL controllers with different values of
the tuning parameters.

duration reduced by more than 60%, making it comparable to
that of the QA shifts. Such good performance is mainly due
to the closed-loop synchronization between the barrel position
and the clutch position set point.

Finally, a sensitivity analysis of the performance obtained
with the M-OL and M-CL control algorithms with respect
to their design parameters was carried out. To this end, four
different values for 7,,, have been used in the H-OL controller,
namely, T(m: [T] T][ T][[ ij] = [20 30 40 50} ms,
whereas three different ramp slopes are tested with the M-CL
controller, namely, R=[R; R;; Rr;]=[30 50 80] ms.
The results are shown in Fig. 12. Again, a single point is
depicted for each gear shift, representing the average of all
the performed gear shifts of the same type. The results for the
manual and QA shifts are also shown with a single point, which
represents the centroid of the cluster obtained with the previous
results shown in Fig. 11.

As already observed, the M-OL control logic is, on average,
slightly faster than the M-CL control logic, although having
a worse comfort level. The quality achieved with the M-CL
approach is mainly influenced by the synchronization between
the clutch and barrel position, and as already stated, the optimal
performance is achieved when 7}, is optimally tuned to 75, =
T2,. In this case, in fact, the clutch correctly modulates the
engine torque minimizing the value of the discomfort index. If
T,, < T2, the clutch overcomes its kiss-point position before
the barrel reaches its target one; thus, when the cut-off is
deactivated, the clutch is almost closed, resulting in abrupt
vehicle oscillations. This happens, e.g., for T,,, = T7. On the
contrary, if T,,, > T, the resulting maneuver takes longer to
complete. If the difference between T,,, and T, is small, no
sensible impact on the comfort is recorded (see the case of
Ton = T711), Whereas for larger values of 75,,,, the comfort level
worsens (see the results for T,,, = Trv).

VII. CONCLUDING REMARKS AND OUTLOOK

This paper has addressed the problem of automatic gear
shift control in two-wheeled vehicles, offering one of the first



contributions in this area. Two main results were presented: an
objective quality assessment of the gear-shifting performance
and a new approach to the gear shift control problems. The re-
sults obtained on an instrumented vehicle confirm the suitability
of the proposed gear shift strategy and offer interesting insights
into the tuning of the controller parameters. Future work will
be devoted to employing the proposed gear shift controller as a
basis to design a full shifting policy that may free the rider from
this task.
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