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Abstract: Reducing CO, emissions is becoming a particularly important goal for motorcycle manu-
facturers. A fully electric transition still seems far away, given the difficulties in creating an electric
motorcycle with an acceptable range and mass. This opens up opportunities for the application
of hybrid powertrains in motorcycles. Managing mass, cost, and volume is a challenging issue
for motorcycles; therefore, an MHEV architecture represents an interesting opportunity, as it is a
low-complexity and low-cost solution. Firstly, in this work, an adequate sizing of the powertrain
components is studied for the maximum reduction in fuel consumption. This is performed by ana-
lyzing many different system configurations with different hybridization ratios. A 1D simulation of
the motorcycle traveling along the homologation cycle (WMTC) is performed, and the powerunit
use strategy is optimized for each configuration using the Dynamic Programming technique. The
results are analyzed in order to highlight the impact of kinetic energy recovery and engine load-point
shifting on fuel consumption reduction. The results show the applicability of MHEV technology to
road motorcycles, thus providing a useful tool to analyze the cost/benefit ratio of this technology.
The developed methodology is also suitable for different vehicles once a specific test cycle is known.

Keywords: hybrid electric vehicles; dynamic programming; mild-hybrid motorcycles; energy storage;
energy management; CO, reduction; homologation cycles

1. Introduction

Worldwide vehicle regulations are rapidly evolving in the direction of CO, reduc-
tion [1,2]. This is becoming increasingly relevant for the motorbike market since a growing
number of governments are starting to impose stringent constraints on emissions [3-5].
Therefore, the application of hybrid technologies to motorcycle engines represents an inter-
esting solution to be investigated in order to reduce fuel consumption and, therefore, CO,
emissions [6,7].

Currently, regulations for motorcycle homologation are less stringent compared to
those for cars. This allows motorcycle manufacturers to meet emission standards through
the advanced optimization of traditional internal combustion engines. However, real-
world examples of electrification exist. While some hybrid motorcycles are available in the
market, they remain a niche segment, and in parallel, only a slightly higher number of fully
electric applications exists [8,9]. This is largely due to the complexity of creating a hybrid
architecture for motorcycles, which involves managing the space constraints and costs of
integrating both electric and combustion systems.

In a motorbike, mass is a relevant constraint since it heavily affects the riding dynamics,
but other constraints are also important. Firstly, the volume available for the installation of
additional components is limited, and, given the layout, it is fragmented along the chassis.
Furthermore, the cost of electrification is generally proportional to the power or energy
capacity installed. Consequently, with high-performance motorcycles with comparable
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power installed with respect to standard passenger cars, the cost represents a more stringent
constraint than that in a car, given the lower market price.

Considering all these aspects, a mild-hybrid (MHEV) application [10] might be worth
investigating for a possible increase in the powertrain efficiency while limiting the modi-
fications to the motorbike layout and containing the added mass. The minimum devices
to be added are the electric motor, battery pack (including the cells, fuses, switches, and
Battery Management System), motor controller (inverter), and a possible cooling system.
Consequently, the benefits must be significant enough to justify the increased component
costs and system complexity of implementing this solution in real-world scenarios.

During the preliminary development phase of a hybrid vehicle, it is important to
evaluate the achievable benefit in terms of fuel consumption that can be obtained from the
selected architecture. This is crucial in the case of an MHEV motorbike, where, given the
lower mass compared to a car, the added mass of the electric components might erode the
possible efficiency advantage. Therefore, it would be helpful to simulate the vehicle during
a homologation test to estimate the benefits achievable with a possible hybrid architecture.

Homologation test cycles are an important benchmark for the evaluation of emissions
since they are heavily regulated in order to obtain comparable results considering different
vehicles. Among the various existing cycles, the World Motorcycle Test Cycle (WMTC)
is the most relevant since it is used for homologation in many of the most important
worldwide markets [3].

In the literature, many studies on hybrid motorbikes exist, but they are mainly focused
on strategy development using different energy management techniques [11-13], transmis-
sion systems design [14-16], and battery pack development [17-20]. Furthermore, most of
these studies tend to focus on utilitarian 2-wheel vehicles, such as city scooters [21,22], where
cost is an important constraint but where mass and volume constraints marginally affect
the functionality of the vehicle. This study, instead, is focused on the application of high-
performance motorbikes, i.e., naked or sport-tourer motorbikes. In particular, the goal is to
study a mild-hybrid powertrain to be fitted into an existing motorbike, limiting the number
of modifications to be made and estimating the amount of fuel consumption reduction.

Correctly sizing of the components of the power unit (PU) is crucial to achieving the
desired results. Therefore, many different configurations are analyzed here considering the
same MHEV topology but with different hybridization ratios (HR) [23-25], evaluating for
each case the possible reduction in fuel consumption and the corresponding mass increase
with respect to the baseline internal combustion engine (ICE) motorbike.

In order to evaluate the fuel consumption of a hybrid power unit, an energy man-
agement strategy needs to be developed. Since the present contribution focuses on the
feasibility of the MHEV architecture and on understanding the relevant factors acting in
fuel consumption reduction, an optimal strategy is needed to avoid the influence of the
strategy itself on the results.

Several energy management methodologies have been taken into consideration, rang-
ing from simple heuristics [26] to more complex algorithms [27-29] capable of real-time
calculations. Dynamic Programming (DP) offers a straightforward approach but requires
prior knowledge of the mission, and it is too slow for real-time applications. However, this
latter feature does not represent a limit in this study, and considering that the reference
homologation cycle taken into account has a prescribed finite time horizon, DP appears to
be the best tool to obtain the optimal strategy [30].

Therefore, DP optimization is executed for each of the different HRs analyzed, and
the resulting strategy is used to evaluate fuel consumption throughout the cycle. Fuel
consumption is linearly correlated to CO; emissions; therefore, it has been chosen as the
reference parameter to be minimized.

The range of the different HRs has been defined, varying the maximum electrical
power of the system, while the ICE power characteristic has been kept constant. This ap-
proach has the benefit of keeping the ICE unaltered, enabling the use of an experimentally
derived efficiency map of the stock engine. Consequently, all the analyzed PU configura-
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tions have slightly different maximum power values, but the differences have negligible
effects since the electric motor power for an MHEV is low compared to the ICE power.
Furthermore, the maximum power has no effect in this study since the peak power of the
motorbike is never reached in the WMTC.

The different ways in which the MHEV topology can increase the overall power unit
efficiency have been analyzed in depth. In fact, the MHEV topology offers three main ways
to possibly reduce fuel consumption:

e Kinetic energy recovery (regenerative braking);
e  ICE load-point shifting;
e  Electrified ancillaries or component removal.

The third bullet point refers, for example, to the starter motor removal or to the
possible electrification of the water and/or oil pumps. These modifications are more related
to mass and cost reduction, and their direct contribution to fuel consumption reduction is
estimated to be limited compared to the other two. Therefore, this study is mainly focused
on the estimation of the influence of kinetic energy recovery and on the shifting of the ICE
operating point. Another important consideration to be made is the impact of losses in the
electrical components. In fact, while these losses can be neglected in the preliminary design
and sizing of the system, an analysis of their impact cannot be completely disregarded when
analyzing the feasibility and convenience of the adoption of this technology. Moreover,
this sensitivity analysis is also useful for setting an efficiency target for the design of
electric components.

The paper is organized as follows. In the next section, the MHEV topology and the
proposed system layout are described. Subsequently, the model used in this study is
introduced. Specifically, it emulates the motorbike under the same conditions it experiences
during a homologation test, and, as shown in the following, its validation is presented for
the case of the pure ICE version of the motorbike. Then, the DP algorithm used is presented
along with the constraints applied. Many different PU configurations, differing in their
HR, are presented and compared in terms of total mass increase and fuel consumption
reduction in order to define optimal sizing. Then, the optimized configuration results
are analyzed, highlighting the effects of different factors impacting fuel consumption in
an MHEYV architecture. Finally, the results are compared and discussed, and conclusions
are drawn.

2. Topology and System Description

This section includes a description of the MHEV topology analyzed and, subsequently,
of the various subsystems involved. In particular, the electric machine (EM), ICE, and
accumulator characteristics are described below. The proposed PU scheme is shown in
Figure 1.

Primary
gear Clutch
ICE \ /
\\ —
Fuel O | C I — Rear wheel
tank ]
., —ar—
Crankshaft /:||—_‘—||:
EM A |
' | \ \\
Gearbox Gearbox Chain

*
B primary secondary
shaft shaft

Figure 1. Schematic representation of the chosen MHEV architecture.
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2.1. MHEV Topology

The MHEYV topology developed in this study is based on the P1 architecture [31]. This
architecture has been chosen because of multiple reasons:

e small component sizing (compared to full hybrids) reduces mass, volume, and cost,
thus better suiting the characteristics of a motorbike;

e simplicity of integration into an existing ICE, possibly even without modifications of
the engine block since the EM can replace the alternator;

e no transmission elements between the EM and ICE, which further saves mass, volume,
and cost, thus not introducing additional mechanical losses.

2.2. Electric Motor

A radial flux configuration with an internal rotor has been chosen for the electric
motor, with a direct axle-type installation on the ICE crankshaft to be housed in a place
of the existing alternator of the stock ICE [32-34]. Therefore, the first constraint imposed
on the EM is to fit the alternator case in terms of the external diameter to avoid extensive
modifications to the engine block. This will require a suitable stator housing to be designed
to replace the existing alternator cover.

A second important design parameter is the overall axial length of the EM, [. In this
approach, the axial length for each different HR configuration size has been determined
using an EM preliminary dimensioning method [35]. Starting from the power level required
for each HR configuration, the maximum torque level has been derived for each size. The
defined nominal torque, T, has then been linked to the rotor volume, adopting the following
equation [35]:

T — gDz IAB (1)

rot

where D is the external rotor diameter, / is the active length, A is the linear current
density, and B is the magnetic flux density. Sensible values of the last two parameters have
been chosen and set constant for each configuration, taking into account the foreseen EM
operating conditions, with particular reference to the operating temperature. In fact, the
housing temperature is related to the ICE oil temperature (ca. 120 °C), which is higher than
that usually assumed for the housing of a stand-alone EM.

By manipulating (1) and introducing the split ratio A, which represents the ratio
between the rotor and stator volumes, the axial length can be finally calculated as follows:

T

2 A (
2ABZED;, e
where D,y is the external stator diameter. Additionally, using the density for the different
materials, the masses of the rotor and stator can be estimated.

2.3. Internal Combustion Engine

The ICE is a 90° twin-cylinder with a displacement of 930 cm?, delivering 80 kW of
power at 9000 rpm. The ICE has been modeled by considering its power, torque, and
efficiency maps. This model is highly consistent, as all maps have been experimentally
obtained. Specifically, the ICE maps have been derived from a calibration procedure con-
ducted on a dynamometer bench. Additionally, the fuel consumption data have been
collected from tests of the motorcycle on a roller bench, performing the WMTC homologa-
tion cycle.

2.4. Accumulator

Regarding the accumulator, Li-ion cylindrical cells (18650 format) have been consid-
ered due to the previous knowledge of the authors and the widespread availability on
the market. However, other cell formats can be analyzed by taking into account different
gravimetric efficiencies.
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Considering a nominal system voltage of 48 V, legislation requirements in terms of
electrical safety are less stringent with respect to possible high-voltage configurations [36],
and the corresponding complexity and mass increase are limited. On the other hand, the
current circulating in the system would be higher, and the conductor sizing and mass
would be higher accordingly. Nevertheless, the 48 V level solution has been chosen at this
stage to keep the complexity at a minimum.

Several different accumulator configurations have been designed. Each configuration
is based on a string of 13 cells in series to reach a nominal voltage of about 48 V. One or
more of these strings are then connected in parallel depending on the total capacity target
and the output power target (which needs to be set according to the maximum power value
of the EM). The target capacities span from 500 k] to 4000 kJ.

3. Modeling
3.1. 1D Model

A 1D quasi-static model of the motorbike has been prepared to study the problem
since it is particularly suited for a DP application [30]. This kind of modeling facilitates the
evaluation of the torque required for the PU, which is the main constraint to be verified by
the optimization algorithm at every step. In this way, the complexity of the model is kept
at a minimum. The model represents a motorbike during a homologation driving cycle
on a test bench executed according to the test procedure [37]. The vehicle speed imposed
by the WMTC cycle is the input parameter of the model. The model includes the PU, the
whole transmission system, and the rear wheel (Figure 2).

M1

Figure 2. Representation of the 1D model of the motorcycle during a bench homologation test
considering the PU, transmission, rear wheel, and its interaction with the bench roller.

The transmission is modeled considering all the transmission ratios, transmission
losses, and inertia properties of all the moving elements. Conversely, the front wheel and
the chassis are not represented in the model because these parts are standing still on the
roller bench. Therefore, their contribution in terms of rolling and aerodynamic resistance
must be added using fixed (equivalent) values according to the Economic Commission
for Europe (ECE) homologation procedure [37]. These parameters depend on the inertia
class of the motorbike, which in turn is determined by its mass in the running order. The
rolling resistance of the rear wheel and the transmission losses are active parts in a bench
test; therefore, their contribution needs to be modeled.

The quasi-static approach implies that the motorbike will exactly follow the input
speed profile without requiring a driver model. The acceleration required to follow the
profile is directly evaluated, and subsequently, a backward calculation of the corresponding
torque to be delivered by the propulsion system is performed. The torque value, of course,
depends on the selected gear, but the shifting pattern is strictly imposed by the ECE
procedure [37]; thus, any further calculation is needed.

The workflow of this model and the equations involved are, therefore, quite simple.
The main equation is the balance of the forces acting on the vehicle:
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Fy = Faero + Fres,front + Fres,rear + Finertia (3)

where F, is the longitudinal force acting on the contact patch between the wheel and the
bench roller (see Figure 2); Fuero is the total aerodynamic force acting along the longitudinal
direction; Fyes, front and Fres front are the forces representing the rolling resistance of the front
and the rear wheel, respectively; Fj;.rti, is the inertial force acting along the longitudinal
direction due to the acceleration of the vehicle.

As previously stated, the ECE procedure imposes aerodynamic resistance and front
rolling resistance forces in a single expression:

Faero + Fres,front =Fk+ FZUZ (4)

where Fy and F, are coefficients that depend on the inertia class of the motorbike and are
predetermined according to the ECE procedure [37].

The contribution of the rear wheel rolling resistance must instead be mimicked in the
model. It is evaluated using the following relation:

Fres,rear = CO,rear'mRO'WBreur'g (5)

where Cy ., is a dimensionless coefficient that depends on the tire characteristics (a typical
value of this parameter for a sport-touring road motorbike tire is 0.015 [38], also considering
the roller contact patch influence with respect to the standard flat-track [39]), mgo is the
mass in running order defined in ECE procedure, W B, is a dimensionless coefficient that
represents the portion of the total weight of the motorbike acting on the rear tire (in this
case, equal to 0.51), and, finally, g represents the gravity acceleration.

For each timestep, the speed of the motorbike is known; therefore, the acceleration at
a given timestep can be calculated as follows:

Op41 — Ur—1 ©6)

a = 5

The inertia force can then be calculated as:

Finertia = MRo"4a (7)

Equation (3) can now be solved for the propulsion force F,, and the torque to the
wheel can be calculated using the rolling radius of the rear wheel, Ry,:

Mw = Fw 'Rw (8)

It is then possible to calculate the torque delivered by the PU, considering the inertias,
efficiencies, and transmission ratios:

= (00 o)) s

All the symbols of (9) are referenced in Figure 3 and in Table A2 in the Appendix A
section. In particular, 77, and 7, are the efficiency and the transmission ratio between the
crankshaft and the primary shaft of the gearbox, while J, is the inertia of the primary shaft.
Similarly, 77, and 7, are the efficiency and the transmission ratio of the selected gear, while
Js is the inertia of the secondary shaft.

The values of the moments of inertia have been obtained from the 3D model of the
various components, while the transmission losses have been modeled as a 2% loss on each
gear mesh and a 5% loss on the chain coupling.

Once the torque output of the PU is obtained, a power-split factor x can be introduced:

M
x = MEM
PU

(10)
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Jeu

Depending on the power-split x acting at each timestep, the torque output of the ICE
and of the EM can be calculated through the following equations:

Mpy = Micg + Mem (11)
Mgm = xMpy (12)
Micg = (1 - x)Mpu (13)

All rotational speeds of the transmission elements have been calculated using simple
kinematic relations, back to the ICE speed. Therefore, the ICE operating point has been
determined, and with the request of ICE torque, the brake mean effective pressure (BMEP)
has also been evaluated. It is now possible to calculate instantaneous fuel consumption by
interpolating the brake-specific fuel consumption (BSFC) map (Figure 4) [40,41].

npvfp ngr Tg Her Te

S O Iy Js WS

Mcrankshaﬂ. Mp Ms Mw

Figure 3. Schematic representation of the transmission system.
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Figure 4. ICE efficiency map derived from dyno bench experimental tests.

The values of fuel consumption have then been corrected to take into account the
mixture enrichment in the first phase of the cycle due to the warmup of the catalytic
converter. The gain coefficient for this correction has been experimentally determined.

The integral, along the cycle, of the instantaneous fuel consumption determines the
total fuel consumption in the cycle.

tend .
/ m f= m f (14)
Estart
Similarly, it is possible to calculate the instantaneous power delivered by the EM.

The integral along the timestep of the instantaneous power provides the electric energy
consumption (or regeneration) in that timestep:

t
| o = AEey (15)
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Therefore, it is possible to calculate the state of energy (SOE) of the accumulator in
that timestep as follows:
SOE; = SOE;_; — AEgm (16)

where the minus sign derives from the sign convention adopted for electric power. In
particular, Mgy, and therefore Pgy and AEgy, are positive if power is drained from the
accumulator and negative if power is regenerated and stored in the accumulator.

The SOE has been chosen as the state variable of the accumulator instead of the more
commonly used State of Charge (SOC). This helps reduce the complexity of the model because
a proper electric model of the cells would be necessary to calculate the SOC. The use of the
SOE, instead, allows to work with a single variable, which is energy, without any additional
equation, thus enabling to treat the accumulator as a simple energy reservoir. The actual
accumulator design should be based on the usage envelope obtained from this analysis.

It is worth noting that, for the first part of this study, no efficiencies have been consid-
ered in the calculations for the electric components of the PU. This decision has been made
because the goal of the analysis is to find the maximum possible benefit from the adoption
of an MHEV technology, regardless of the technology used for the EM, EM controller, and
accumulator. This choice is in line with the use of an optimal strategy. The model used for
the EM refers to a simple torque vs. speed curve. The model of the accumulator is that of
an energy reservoir, as previously stated. The ICE, on the other hand, cannot be considered
ideal; otherwise, it would not be possible to evaluate the impact of the load-point shifting
strategy. Nevertheless, in the final part of this study, an analysis of the impact of the losses
along the electric power path has been performed.

The mechanical link between the PU outlet and the gearbox requires a clutch to
manage the starts from a standstill. However, the clutch has not been modeled to limit the
complexity of the model. In fact, a clutch model introduces nonlinearity and requires many
computations to be performed for each timestep. Instead of using a clutch model, the starts
from standstill have been handled as follows: with the first gear selected, the vehicle speed
starts increasing in order to follow the WMTC speed profile, and the engine starts rotating
accordingly until the engine speed is below idle, instantaneous fuel consumption is kept
constant and equivalent to that of the engine at idle; after reaching an engine speed above
idle, standard instantaneous fuel consumption calculation is restored. This is a relevant
simplification, but, in this case, its influence on the results is limited since the clutch is
used only for very few seconds in the WMTC cycle. Figure 5 shows the schematic of the
developed model.

long. acceleration H Finertia

WMTC speed
profile rear rolling resistance I E, | My = FrorRu
Fo, Fo, m — >
From(I)ECE ;?rocedure Faera + F’res,front — FO + FZU

Shifting pattern

rotational speeds

ICE efficiency
map
Cat. Warm-up correction |
[1iy (BMEP, RPM) _3Mice L [Miop = (1= OMpy J—] oo (0245, 4 | 2 1
f » BMEP—T ICE = X)Mpy PU w ¥ Jwdw)y S+ Iss |3+ Tpdp [+ Fmm

I SOE |'—— fMEM‘J)PU '—I Mgy = xMpy }-
At

Figure 5. Schematic representation of the model.
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3.2. Dynamic Programming

Once the total torque output of the PU for each timestep has been determined, it is
necessary to choose a usage strategy for the PU. This means choosing the value of the
power-split factor x for each timestep (see Equations (10)—(12)). As mentioned before,
the DP technique has been employed to investigate a possible optimal strategy [42] that
minimizes fuel consumption along the cycle.

DP is an optimization method that can be used to find global minimum solutions
when dealing with multistage discrete problems. It is based on Bellman'’s principle of
optimality [43]. It can determine the optimal control policy for the problem by operating
backward in time. On the other hand, it needs a priori information on the whole optimization
horizon, and it can require a high computational effort. It is particularly suitable for HEV
energy management problems [30], which can usually be effectively discretized; however,
it is not suitable for online calculations.

3.2.1. Problem Definition

To run DP optimizations, the governing equations of the problem have to be dis-
cretized. Therefore, the dynamical system representing the motorbike under operating
conditions has been discretized as a sequence of quasi-static states as follows:

Xk+1 :f(xk,uk)k: 0,1,...,N (17)

where x; is the variable representing the state of the system at k" timestep and u is the
corresponding control variable driving the system. A time sequence of control actions
applied to the system is defined as a policy 7:

T = (uo,...,MN_l) (18)

Usually, for hybrid vehicle modeling, the state variable x is identified as the SOE of
the accumulator, while the selected control variable, u, is the electric power flowing from
(or to) the accumulator. Consequently, once the total required power at the generic k! the
timestep is known, and the control variable uy is defined, and the power-split factor x can
be computed.

The goal of this optimization procedure is to obtain a policy that minimizes the total
cost from the first to the last timestep. Once the parameters of (16) have been chosen,
further additional operations have to be performed as follows.

3.2.2. Cost Computation

For each of the k timesteps, an instantaneous cost (usually called arc-cost, L) is assigned
to each possible taken control action, considering a specific admissible value of the control
variable u applied from a specific state x at the k' timestep, and landing at a different state
in the following timestep, k + 1.

For the particular case of the hybrid vehicle under consideration, the cost can be
defined as the instantaneous fuel flow rate [30], which in turn depends on the total torque
required Mpy and on the value of the control applied:

Lk(xk,uk) = Thf(BMEP(MPU,uk),RPM) (19)

Note that for every timestep k and state xj, multiple uj can be defined, and therefore
multiple Ly exist.

In addition, it would be possible to assign a cost also to the electrical energy con-
sumption, with a suitable equivalency factor introduced in order to make the two costs
comparable. This additional cost has not been used in the algorithm written for this study
since the objective of the analysis is to quantify the maximum possible benefit in terms
of fuel consumption reduction achievable from the application of the MHEV technol-
ogy, thus increasing the freedom of action of the optimization algorithm. The addition
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of this cost would instead be necessary when taking into consideration phenomena like
battery degradation.

3.2.3. Total Cost Minimization

After the cost computation phase, proceeding backward from the final timestep to the
initial one, the total cost associated with moving from each specific state x;, performing a
specific control action u (within the constraints), up to the final timestep is computed. This
cost is usually called cost-to-go, Y}, and a generic cost-to-go function, associated with moving
from a specific state x; (at timestep k) to the last timestep, can be defined as follows:

N
Vi = Le(xe ug) + Y L(xn, n) (20)
n=k+1

Bellman’s principle is then applied, reducing the computation effort. In fact, this
principle states that once the optimized (cost-minimized) path from the state x; has been
found, it is always the optimized path from that state and timestep moving forward,
independently from what control actions have been taken in the precedent steps. This
means that this calculation only needs to be performed once for each state x; and control
input uy at timestep k, and the result can be stored and used for calculation when moving
backward to timestep k — 1. Therefore, (20) can be rewritten as follows:

~

Y = Ly (xg, k) + Yipr (xx, ug) (21)

where Yy 1 (xg, ug) is the optimized (minimized) cost-to-go from the state xj 1, which will
be reached at timestep k + 1 by applying the control action 1y from the state x; at timestep

k (hence the dependency of Yy, on x; and uy). Therefore, for each state at timestep k
the optimized (minimized) cost-to-go can be found by selecting the control action that

minimizes it, u:

u = arg mein (Lk(xk, ug) + Yier1(xk, uk)) (22)
k

upel,

Consequently, the optimized (minimized) cost-to-go ratio can be expressed as follows:

2 (xk,uNk) =Ly (xkr”Nk) + ka+1 (xk,uNk) (23)

when these computations have been performed for all the N steps, the optimized (mini-
mized) cost for moving along the prescribed cycle is obtained, together with the optimized
control policy:

7= (u”o,...,uﬁ_l) (24)

3.2.4. Problem Discretization

To determine the right compromise between the accuracy of the results and acceptable
calculation times, the right discretization size must be chosen. Time discretization has been
set to 1 s (which actually represents the timestep adopted in the ECE procedure) for a total
duration of the cycle equal to 1800 s. Attempts have been made to reduce the size of the
timestep, and no significant variation in the results has been observed.

The discretization step adopted within the range of variation of both the state variable
and the control variable, instead, has been chosen following a sensitivity analysis, the
results of which are beyond the scope of this article. Specifically, the battery, modeled as a
simple energy reservoir as stated before, has been discretized in steps of 100 J. Similarly,
the step for electric power is 100 W. The size of these steps is constant, regardless of the
maximum power of the EM or the size of the accumulator. Therefore, the simulations
for configurations considering different HRs and accumulator sizes will have different
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run times since the optimization space has different dimensions. As a reference, the
computation time for an average accumulator size of 2000 k] and an average HR of 3.75%
is about 8 h on a 16-core machine.

3.2.5. Constraints

In the following, the primary constraints for the optimization algorithm are described
as follows:

e  Final SOE equal to initial SOE

If the final SOE is lower than the initial SOE, the ECE procedure requires correction
for fuel consumption and CO, emissions [37]. Conversely, if the final SOE is higher than
the initial SOE, the fuel consumption and emissions will be higher than necessary. The
initial SOE value has been set at 50% for every configuration tested. Moreover, upper
and lower SOE limitations are set respectively at 80% and 20% of the maximum accumu-
lator capacity in order to limit battery aging issues, which are correlated to the depth of
charge/discharge [44].

e ICE power is always higher than the threshold Picg in

Considering that, due to the discretization of the different parameters in the algorithm,
the minimum non-zero value of the EM power output is equal to 0.1 kW, the same minimum
value has been considered for the Picg i, parameter, in order to avoid a condition in which
the ICE is driven by the EM, wasting energy.

e  Electric motor maximum power

Regarding the constraints governing maximum EM power, they depend on the specific
operating mode of the PU. Specifically, three modes of operation for the PU have been
established depending on the value of the required propulsion power, Ppyy. The modes are
described as follows:

e if Ppy > 0, the operating envelope is defined as follows:

o if Ppu < PeMmax, the EM will have an operating envelope in the form
[—PeM,max + (Ppu — PicE,min)]-
o if Ppy > PeMmmax, the EM will have an operating envelope in the form

[_PEM,max - PEM,max]-
e if Ppy < 0, kinetic energy recovery is activated:

o if |Ppy|< PeM,max » all the kinetic energy is recovered, and none is wasted in
heat through the brakes.
0 if |[Ppy|> Pem max , the EM regenerates as much kinetic energy as possible, and

the rest is wasted in mechanical braking.

e if Ppy = 0, Picg and Pgy are set to 0.

3.2.6. Preliminary Model Validation

A first run of the model has been performed using x = 0 for every timestep and
no added mass, thus simulating the pure ICE motorbike along the WMTC cycle. DP
optimization has not been performed, and only fuel consumption has been computed.

The output, in terms of instantaneous fuel consumption, has then been compared to
the experimental data of the same motorbike in a real-world homologation test, performing
the same cycle. The results of this comparison are shown in Figure 6. For the sake of clarity,
the results have been split into three regions in time: the city cycle (CITY—from 0 s to 600 s),
the extra-urban cycle (EXTR—from 600 s to 1200 s), and the highway cycle (HGWY—from
1200 s to 1800 s).
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Figure 6. Comparison of computed and experimental fuel consumption for pure ICE configuration.

The results show a very good correlation between the model and experimental data,
with a significant instantaneous error only for extremely low engine loads. In fact, in the
corresponding regions of the efficiency map, the experimental data may be affected by a
measurement deviation due to the extremely low values of the fuel flow rate. Nevertheless,
the total error among the whole cycle is less than 3%.

3.2.7. Simulations Setup

The goal is to find an optimal sizing of the EM and of the accumulator. To do so,
a set of simulations running different PU configurations (in terms of component sizing)
have been performed. Since the proposed PU is based on MHEV technology, the range of
analyzed EM sizes has been set between 0.5 kW and 7 kW, with 0.5 kW steps. Consequently,
the resulting HR varies from 0.4% to 5.6% considering an unmodified ICE.

The accumulator size range, instead, has been set from 500 kJ to 4000 kJ, with 500 k]
steps. The minimum size is around the nominal energy content of a single accumulator
string described in the “Topology and System Description” section. Each 500 k] step adds a
capacity value similar to that of the single string to consider only feasible configurations
without altering the nominal voltage. The maximum size has been limited to contain the
mass increase of the motorbike.

A grid of all the possible configurations is shown in Table 1. Some of the configurations
are not feasible and are blanked out in the grid, corresponding to a high EM power and low
accumulator capacity. In fact, if the power output from the battery does not match the EM
power, the configuration is deemed unfeasible (dark gray). On the other hand, some of the
configurations feature a high accumulator capacity with alow EM power (light gray). These
configurations are technically feasible; however, it is assumed that such a high capacity
would not be fully exploited with a small-sized EM, thereby adding unnecessary mass.
Nonetheless, some of these configurations have been selected for testing so to confirm this
hypothesis. Not all feasible configurations have been tested in order to reduce the total
computation time.
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Table 1. Estimated mass increase over the pure ICE configuration.
Accum. Estimated Mass.lncrease. over Pure IC!E Motorbike (kg)
Size (kJ) EM Size (Maximum Power in kW)
1.5 2.5 3 3.5 4 4.5 5.5 6.5 7

500 04
1000 07 3.8
1500
2000 09 [ 49 01 [ 57 06 6.1 022] 6.6
2500 10 5.4 05 8.6
3000 08 [ 75
3500
4000 11 8.3 2] 99 6B 15 |
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The first configuration selected refers to an EM size of 3 kW, which corresponds to the
average power level required during the WMTC cycle. An intermediate value of accumula-
tor capacity of 2000 kJ has been chosen as a basis. From there, other configurations have
been selected at the same power level but with different accumulator capacities and, vice
versa, at the same accumulator capacities with different power levels to highlight potential
trends in both directions as well as the effects of the different kinds of contributions to the
total fuel consumption variation. Additionally, extremal configurations at the boundaries
of the table have been selected.

The selected configurations are reported in Table 1, and a two-digit number (high-
lighted in yellow) has been used to identify each of them. For each configuration, a mass
increase over the standard ICE motorbike has been estimated as described in the “Topology
and System Description” section. The mass increase has also been reported in Table 1, along
with the corresponding configuration.

4. Results

For all the configurations selected in Table 1, the instantaneous and the total fuel
consumptions have been computed after optimizing the strategy using the DP algorithm.
The computation algorithm procedure is described below.

At the beginning of the simulation, the state space is calculated (cyan area in Figure 7).
This is obtained by considering the electric power limits starting from the initial SOE.
Therefore, the maximum increase and decrease in SOE for every timestep depends on the
instantaneous operating envelope of the EM and the upper and lower SOE limitations,
as described in the “Constraints” subsection. Figure 7 shows that in the CITY phase, the
average available charging power is higher than the average available discharging power
(slopes of the boundary of the state space on the left). This is due to the low average value
of the required power, Ppy;. On the other hand, in the HGWY phase, the average value
of Ppy; is higher than the charge and discharge power limits. Therefore, it is possible to
utilize the whole EM power envelope, and thus, the slopes exactly represent the EM size
(right boundary of the state space). Approaching the end of the cycle, the maximum and
minimum values of the SOE are then limited to ensure landing at the prescribed target.

Then, DP strategy optimization is performed, and the optimized SOE trajectory along
the cycle is shown for Configuration 01 (black curve in Figure 7). This trajectory shows an
SOE increase in the CITY phase, an SOE hold in the EXTR phase, and a discharge down
to the target SOE in the HGWY phase, and this trend is common for all configurations. In
fact, in the CITY phase, the ICE operates in a remarkably low-efficiency zone of the map.
Therefore, it is more convenient to increase the engine load and shift the operating point to a
higher-efficiency zone. Of course, at this operating point, the PU delivers more power than
required, but the excesse energy can be stored in the accumulator. The instantaneous fuel
consumption increases, but the energy is converted more efficiently, and the stored energy
can be used in the next phases. In the HGWY phase, the instantaneous fuel consumption
is quite high because of the high power required; therefore, reducing the engine load and
using most of the previously stored energy in this phase is particularly advantageous.

For the aim of this article, the comparison between the different phases of the WMTC
in different configurations needs to be analyzed in terms of fuel consumption. In particular,
each configuration has been compared to the baseline ICE configuration, evaluating the
fuel consumption reduction with the proposed MHEV architecture. Table 2 shows the
results for all the configurations tested along the whole WMTC, while Table 3, Table 4, and
Table 5 show the results split for the CITY, EXTR, and HGWY phases, respectively. Note
that the DP optimization has been run for each configuration considering the whole cycle
and not split in each single phase.
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Table 2. Fuel consumption reduction obtained along the WMTC for every configuration.

Fuel Consumption Variation over Pure ICE Motorbike—Complete WMTC

Accum.
Size (kJ)

EM Size (Maximum Power in kW)

1.5

500

1000

1500

2000

09 | —1.9%

2500

3000

3500

4000

12 | —1.7%

Table 3. Fuel consumption reduction obtained in the CITY phase for every configuration.

Fuel Consumption Variation over Pure ICE Motorbike—CITY Phase

Accum.

Size (kJ])

EM Size (Maximum Power in kW)

1.5

500

0.5
04

1000

1500

2000

09 [ +3.7% 01 | +5.5%

06 | +6.3%

2500

10 [0

3000

08 | +6.4%

3500

4000

11 [508%

12 | +8.4%
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Table 4. Fuel consumption reduction obtained in the EXTR phase for every configuration.

A Fuel Consumption Variation over Pure ICE Motorbike—EXTR Phase

ccum. . . -

Size (k]) EM Size (Maximum Power in kW)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

500 04] —0.2%
1000 07
1500
2000 09 [ 0.0% 01 [ +0.1% 06 | —0.1% 02 [ 0.0%
2500 | 10] 0.0% 05 | +1.2%
3000 08 | +2.7%
3500

4000 | 11] +0.1% 12 [ +45% | 03 [ +47% |

Table 5. Fuel consumption reduction obtained in the HGWY phase for every configuration.

Fuel Consumption Variation over Pure ICE Motorbike—HGWY Phase

Accum. EM Size (Maximum Power in kW)

Size (kJ])

0.5 1 1.5
500 04

1000
1500
2000 09 | —5.0%
2500 | 10 [ —2.3%)|
3000 08 | —8.3%
3500

01 [ —6.4% 06 | —6.5%
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Figure 7. System state space, representing the optimization space for the DP algorithm, and the
optimized SOE trajectory. Example of Configuration 01.

Looking at each phase separately, it is clear that low-power/low-capacity configu-
rations provide a considerable advantage in the CITY phase. This is due to the lower
mass added since, in this phase, the amount of acceleration is higher due to a considerable
amount of stop-and-go, which makes a higher mass more penalizing. Another key factor is
that the average power required in this phase is comparable to the electric power of the
low-power configurations.

On the other hand, high-power/high-capacity configurations show an important
advantage in the HGWY phase. This is due to the average power required, which is much
higher than that required in the other phases. A higher capacity helps to provide a good
amount of energy to spend in this phase. In this case, a higher mass related to the higher
capacity of the accumulator is not penalized because of the lower values of acceleration
that characterize the HGWY phase.

4.1. Kinetic Energy Recovery Contribution

To understand the potential for kinetic energy recovery, it is necessary to evaluate the
quantity of energy at stake during the homologation cycle. The resisting force also acts
during the slow-down phases, thus reducing the amount of energy that can be recovered.
Therefore, it is necessary to estimate the power flows in order to properly calculate the
energy levels, rather than simply calculating the kinetic energy of the motorbike.

This analysis shows an order of magnitude difference along the cycle between the
energy delivered by the powertrain and the energy dissipated through the brakes. The
latter represents the total energy available for recovery and is indeed ca. 5.3% of the total
energy delivered by the powertrain (Figure 8).

An important consideration for motorbikes is the fact that, with this topology, recovery
can be achieved only through the rear wheel. The rear wheel generally transfers only a
small part of the braking power due to the high load transfer during braking and dynamic
stability issues. Consequently, the amount of energy that is actually recoverable, in practical
terms, needs to be reduced by at least half in the best-case scenario. All these considerations
have led to the conclusion that kinetic energy recovery is not a significant advantage in an
MHEYV motorbike. A small amount of energy can always be recovered once the system is
installed on a motorbike, which increases the overall efficiency of the system; however, this
increase is marginal.
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Recoverable energy vs. total energy input
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Figure 8. Recoverable energy vs. total energy input along the WMTC cycle.

4.2. Load-Point Shifting Contribution

In this section, the effects of the adoption of a load-point shifting strategy are discussed.
In Figure 9, the operating points of the ICE are shown for both the pure ICE (in black) and
MHEV configurations (in red). Configuration 01 has been chosen as an example. For the
sake of clarity, the results are subdivided into the three phases of the cycle, but a complete
cycle chart is also shown. In the CITY phase, most of the operating points are condensed to
a single BMEP level. In this phase, the ICE is operating at a higher load than required by
the road load. A specific level is selected by the algorithm considering the EM operating
envelope and represents the most efficient reachable operating point for the given engine
speed and deliverable torque.
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Figure 9. ICE operating points: pure ICE vs. MHEV (configuration 01).

In particular, a single operating point can be shifted by considering the maximum
power of the EM in a specific configuration. Similarly, in the other phases, where the power
delivered is higher, different levels can be selected.

Figure 10 shows the instantaneous power delivery from the ICE and EM compared
to the instantaneous total power delivery. It is possible to clearly identify the previously
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discussed trends in harvesting energy in the CITY phase and using it in the HGWY phase.
In fact, looking at the instantaneous EM power, it is mostly negative in the CITY phase and
mostly positive in the HGWY phase.
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Figure 10. Instantaneous power delivery by component.

4.3. Effects of the EM Size

In this section, the effects of EM size on the results are discussed. A first consideration
is that having a maximum EM power close to the average power used in the cycle, i.e., 4 kW,
seems to be a good design starting point because it provides the DP algorithm the freedom
to always choose the most convenient ICE operating point. This is clearly shown when
analyzing configurations 01 and 06 (comparison in Figure 11), with the former having 3 kW
EM power and the latter 4 kW, with the same accumulator capacity. The highest power

operating points in the cycle, in configuration 01, are not condensed onto a single BMEP
level, while they are in configuration 06.

ICE operating points
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Figure 11. Comparison of ICE operating points of configurations 01 and 06. The purple box indicates
the region where the load-points shifting occurs differently between the two configurations.
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From this comparison, it can be deduced that the level of power of configuration 06 is
enough to allow the strategy to have maximum freedom in choosing the operating point
of the ICE; having more electric power might help slightly in harvesting energy when
possible, but would also add mass which is a penalty in the CITY phase and in general for
a motorbike.

Other considerations can be made by making a comparison between the configurations
with the same accumulator capacity but different EM power levels, as shown in Figure 12.

State space and optimized SOE trajectory comparison
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Figure 12. State space and SOE trajectory comparison between configurations 01, 02, 06, and 09.

It is clearly visible that the configuration with the lowest power (09) has a different
SOE trajectory compared to the other three configurations, which instead appear to be
remarkably similar. Therefore, it seems unnecessary to increase the EM size above the 01
level of 3 kW with the same accumulator capacity. Combining the considerations from
Figures 11 and 12, it can be inferred that the maximum size of the EM should be in the
range between 3 kW and 4 kW. However, Table 2 does not show a significant variation
in fuel consumption between the two aforementioned EM sizes, while Table 1 shows a
significant mass increment moving from 3 to 4 kW EM size. Therefore, a solution with a
3 kW power level appears advisable.

4.4. Effects of Accumulator Sizing

In this section, the effects of accumulator sizing are discussed. In Figure 13, three
different configurations using the same EM power but different accumulator capacities are
compared: configurations 01, 07, and 08. In particular, the vertical extent of the cyan area
(Figure 13) for each configuration represents the storable energy within the accumulator.
A larger area is correlated with a higher capacity for both charging and discharging the
battery. This increased capacity enhances the potential for energy storage and utilization
efficiency. The lowest capacity configuration (07) appears to be heavily limited in these
terms. In this case, the optimized SOE path (black curve in Figure 13) reaches the maximum
SOE limit very early during the simulation, failing to provide sufficient flexibility for the
ICE load-point shifting strategy. Conversely, the higher capacity configurations (08 and
01) appear more promising in terms of strategy optimization. In particular, configuration
08 harvests ca. 50% more energy than configuration 01. However, Table 2 shows that
the difference between configurations 01 and 08 is almost negligible in terms of the fuel
consumption reduction. In fact, the optimized SOE path (black curve in Figure 13) of
configuration 08 almost reaches the upper SOE limit close to the end of the simulation, thus
proving that part of the storable energy remains unused for most of the cycle. This means
that an excessively large battery adds unnecessary weight to the vehicle, which cannot
be compensated for by the utilization strategy and, consequently, can negatively impact
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the performance and the efficiency of the system. Therefore, at least with this level of EM
power, increasing the capacity above the 01 level is not advisable since that would lead to
an unnecessarily heavier motorbike.

State space and optimized SOE trajectory comparison
Configuration 01 vs. 07 vs. 08
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Figure 13. State space and SOE trajectory comparison between configurations 01, 07, and 08.

4.5. Optimized Configuration Selection

It is necessary to examine all these analyses to select the best configuration, which
might also yield contrasting results. For example, comparing Configuration 01 to Con-
figuration 06, the increment in the maximum electric power reflects more freedom in the
load-point shifting strategy, as stated before, giving a slight advantage to Configuration 06
in the EXTR and HGWY phases. On the other hand, the SOE trajectory is almost identical
for the two configurations, suggesting that the energy fluxes are very similar along the
cycle, and therefore giving a slight advantage to Configuration 01, which has a lower mass.
Finally, looking at the mass increment (Table 1) and global fuel consumption reduction
(Table 2), Configuration 01 has a slight advantage over Configuration 06 in the WMTC cycle.
Opverall, the most promising configurations appear to be 01, 06, 08, and 12, as they offer the
maximum fuel consumption reduction. Further increases in the EM power or accumulator
capacity do not seem to offer any advantage in this cycle. Of all these configurations,
considering that the total fuel consumption is very similar, it would be advisable to choose
the lowest mass increase configuration, which would also limit the cost and volume of
the system.

4.6. Effects of Round-Trip Electric Efficiency

In this final section, the impact of the losses due to the electrical components is
investigated. These losses have not been considered until this section since the goal was
to find the maximum possible benefit for an MHEV application. In order to increase
confidence in the results shown in the previous sections, however, it is worth evaluating
the impact of these losses on the final results in terms of fuel consumption. To do so, a
sensitivity analysis has been performed on a wide range of electric efficiency values.

Since all the electrical components have been modeled as ideal, a single value of
efficiency has been chosen to represent all the losses of the electrical system of the PU. This
value represents the round-trip efficiency, so it has been applied to the energy stored in the
accumulator and to the energy retrieved from the accumulator.

In order to better understand the impact of these losses, Configuration 01 has been
used as a basis for a series of simulations. Different efficiency values have been applied,
starting from 100% efficiency, which is the case reported in the previous sections, reduced
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to 90%, 80%, 60%, 40%, and 20%, as shown in Figure 14, which compares the results of
these simulations.
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Figure 14. Optimized SOE trajectory comparison for different values of electrical component efficiency.

Firstly, it can be noted that the state space varies significantly between the different
cases. In fact, being equal to the mechanical power developed by the EM, the application
of the round-trip efficiency modifies the amount of power flowing to or from the battery;
therefore, the slope of the borders of the state space is modified accordingly. For example, in
the simulation with 20% efficiency, the maximum SOE can only be reached in the highway
phase, while it can be reached in the city phase with 100% efficiency. Conversely, the
minimum SOE can be reached in the first 200 s of the simulation with 20% efficiency, while
it can only be reached in the extra-urban phase with 100% efficiency. Another important
result to note is the fact that the optimization algorithm chooses very different paths for
different efficiency values. With lower efficiency, the algorithm progressively reduces the
usage of the electric system, asymptotically tending to zero usage for a hypothetical 0%
efficiency. In practical terms, the usage of the electric system is already almost negligible
for an efficiency lower than 40%. It is also worth noting that there is a significant step in
the usage of the electric system between 60% and 80% efficiency, with the latter appearing
to be a practical lower efficiency limit in order to have a meaningful application of the
MHEYV technology.

Table 6 presents a sensitivity analysis designed to cover a wide range of values,
including those that may not be entirely plausible. This approach is intended to test
the robustness of the methodology and assess the feasibility of the proposed system.
Table 6 shows the results of the different simulations in terms of the total fuel consumption
variation. These results appear to confirm that 80% efficiency is the lowest acceptable
value in order to have a meaningful fuel consumption reduction. It is also worth noting
that an increase in the total fuel consumption is registered for low-efficiency values (lower
than 60%) since the electric system is not exploited, but its weight negatively affects the
performance and efficiency of the motorbike.
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Table 6. Fuel consumption reduction for different values of electrical system round-trip efficiency
(configuration 01).

Efficiency Effect Comparison (WMTC)

Configuration 01
n=02 n=04 n =0.6 n =038 n =09 n=1

Fuel cons. ) 4oy 0.3% 0.1% —0.4% —11% -
variation

From the literature, a rough estimation of the efficiency of the electric system might
consider a 1% loss for an IGBT inverter (both in discharge and recharge) [45], a 4% average
loss for the EM (also both in discharge and recharge) [46], and a 5% round-trip loss for
the lithium-ion accumulator. Consequently, the total efficiency can be evaluated as the
combination of inverter efficiency (99%), EM efficiency (96%), and accumulator efficiency
(95%), thus resulting in an overall efficiency of the electric drive system of about 90%. This
target appears to be reachable in real-world applications [47,48].

5. Conclusions

The goal set for this paper was to study the feasibility of the application of MHEV
technology to an existing motorcycle and evaluate its impact in terms of fuel consumption
and, therefore, CO; reduction. The sizing of the electric components of the power unit is of
crucial importance; therefore, a study of different configurations in terms of electrical power
and accumulator capacity has been performed. Dynamic Programming optimization has
been employed to eliminate the influence of the particular strategy on the results. Electrical
components have been initially modeled as ideal machines, with no losses, to exclude
this factor from the results. However, the first principle design considerations have been
applied in order to estimate the overall dimensions of the electric machine and accumulator
in terms of volume and mass. The existence of an optimal size for the electric motor
and accumulator has been discussed. A rule of thumb for electric motor sizing for mild-
hybrid applications can be established. In particular, a maximum electric power near the
average power required by a specific driving cycle appears to be the best compromise.
This procedure and rules can be applied to different motorbikes with different engines and
masses to obtain the optimal sizing of the power unit components. In the end, the effect of
the electric system losses has been investigated, and an efficiency target for the design of
the system has been established.

The applicability of the MHEV technology to an existing motorbike has shown a
reduction in terms of CO, emissions. However, the actual industrialization of the product
requires further validation steps, such as producing a prototype of the motorbike to exper-
imentally validate the possible fuel reduction and a cost/benefit analysis in comparison
with other possible ways to increase the overall efficiency of the powertrain. Further de-
velopments on the optimized configuration in terms of packaging revision for the entire
motorbike are planned.

This methodology can also be applied to different hybrid architectures, allowing for a
rapid preliminary estimation of possible advantages in terms of fuel consumption reduction
and overall efficiency increase. For example, a parallel analysis is ongoing and is focused
on a possible fully hybrid architecture.
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Appendix A

Table Al. List of Abbreviations.

Abbreviation Definition

MHEV Mild-Hybrid Electric Vehicle
WMTC World Motorcycle Test Cycle

ECE Economic Commission for Europe
PU Power Unit

ICE Internal Combustion Engine

DP Dynamic Programming

BSFC Brake-Specific Fuel Consumption
SOE State of Energy

Table A2. List of Symbols.

Symbols Definition

D External rotor diameter

I Active length of the electric motor

A Linear current density

B Magnetic flux density

Mpy Moment required to the PU

Jru Inertia moment of the PU, including ICE, EM and auxiliaries

p Primary transmission efficiency

Tp Primary transmission ratio

Ip Inertia moment of the primary shaft of the gearbox, including the clutch
Mp Moment transmitted by the primary shaft

g Gearbox efficiency for the selected gear

Tg Gearbox transmission ratio for the selected gear

Js Inertia moment of the secondary shaft of the gearbox

Mg Moment transmitted by the secondary shaft

e Efficiency of the final chain transmission

T Transmission ratio of the final chain transmission

Tw Inertia moment of the complete rear wheel

My Moment transmitted by the rear wheel

Fyy Longitudinal force acting on the contact patch between the wheel and the

bench roller
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