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Abstract: This study investigated the performance behaviour and energy management control
strategies of an electrified two-wheeled vehicle (E-TWV). The power and energy demands were
calculated through a high-fidelity E-TWV model. A lithium-ion battery (LIB) pack was designed
and characterized according to electric motor power requirements. Three transient duty cycles,
modified assessment and reliability of transport emission models and inventory systems (ARTEMIS),
federal test procedure (FTP)-75, and world harmonized test protocol (WLTP) class 2 were used to
assess the energy management control strategies. The E-TWYV model has managed to meet the power
demand with less than 2% across the speed range. The electric motor architecture demonstrated an
improvement in the performance acceleration of the vehicle (pass-by accelerations = 4.5 s) and the
energy consumption in all transient duty cycles via control strategies implementation and
regenerative braking (< 60 W-h/km). All results were also validated using three energy sources,
namely coal, natural gas, and combined (CC) gas turbine to determine the well-to-wheel carbon
dioxide (CO2) emission. The CC gas turbine produced 45 % less CO, g/km compared to coal which
indicated that the E-TWYV can only be successful if the source of energy to charge the LIB is clean
and sustainable.

Keywords: electrification, powertrain, energy management, system modelling, driveability

the E-TWV development in terms of the range anxiety

Carbon dioxide (CO2) reduction is imperative due to
climate change and global warming. The transportation
sector is responsible for 25 % of global CO, emissions,
according to the recent International Energy Agency
report?. Several action plans have been implemented to
reduce the CO; emissions in the transportation sector such
as a heat recovery technology in a fuel cell system?, and
vehicle electrification is prominent among them. Deloitte
Insights® forecasted the passenger-car and light-duty
vehicle sales in 2025 will reach 90 million units of which
11% is electric vehicles (EVs). In terms of two-wheeled
vehicles, MotorCycles Data® forecasted 69.9 million sales
volume in 2025. Therefore, the compound annual growth
rate of electric two-wheeled vehicle (E-TWV) between
2019 and 2025 is 10.35 %Y. Some countries plan to
completely phase out the fossil fuel-based two-wheeled
vehicle from 2025 such as India®, which has the biggest
market for such vehicles. These policies are accelerating

associated with the battery energy density”, the cost
premium that customer willing to invest for the product
value® and the charging infrastructure readiness to meet
the high demand and fast charging requirement®. The
majority of E-TWV developers focuses on the effort to
reduce the range anxiety issue and to minimize the cost
premium for increasing the product demand?,

The system modelling technique is one of the popular
approaches that can reduce the development time and cost,
the project risks, and the chance of building several
prototype vehicles. The system modelling based on
multiphysics interactions can be used to analyze each of
the vehicle sub-systems responses'™. For instance, Ali and
Chakraborty!? implemented mathematical modelling to
study the relationship between a thermal system and an
energy system to improve vehicle fuel consumption. For
two-wheeled vehicle application, transient power
demands are required to represent the real-world road duty
cycle that can be implemented for validation of the energy
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management of the vehicle. One example is that Hanifah
et al.®® built and combined a mathematical chassis
dynamic of the E-TWV model with an object-oriented
model for energy management investigation based on new
and obsolete test protocol, namely world harmonized test
protocol (WLTP) and new European driving cycle
(NEDC). To achieve the maximum range, it is important
to identify the behaviour of the electric motor and
drivetrain in the transient-state. It helps in optimizing the
operating conditions in terms of power requirement and
system efficiency. A study by Nguyen et al.*¥ focused
on the hybrid E-TWYV control strategies a transient power
demand for the energy management between rear-wheel
internal combustion engine propulsion and front in-wheel
motor. On the other hand, Chen et al.'® used a
combination of inverse and power mode switching control
for efficiency improvement in hybrid E-TWV architecture
based on a standard steady-state test protocol, ECE-R40
for a two-wheeled vehicle. To meet the performance
attribute of E-TWV, there are several aspects of the design
that need detailed consideration. For instance, the sizing
of the electric motor has to take into account power
demand at standing start and maximum steady-state
conditions'®. The driveability of E-TWV as a result of the
electric motor characteristics must also be included in the
design requirement. The driveability behaviour can be
validated using the multiphysics model based on the
standard automotive tip-in/tip-out event!”. In terms of
tailpipe CO, emissions, a fossil-fueled TWV produces an
average of 110 g/km™18),

This study solely focused on a high-fidelity fore-aft
model development of high-performance E-TWYV, and
evaluate its characteristics in terms of sub-system/system
efficiencies for well-to-wheel CO, reduction, as well as
responses to the power demands. The performance and
driveability characteristics of the E-TWV is also studied
using maximum steady-state power demand and tip-in/tip-
out event at 75 % wide open throttle respectively. The E-
TWV model used a combination of transient power
demands to represent a real-world application for the
energy management study such as assessment and
reliability of transport emission models and inventory
systems (ARTEMIS), federal test procedure (FTP)-75 and
WLTP class 2. The study also emphasizes the E-TWV
model real-time simulation for control strategies
development and system tuning capability.

2. Simulation approach for E-TWV

A multiphysics modelling method was used to examine
the characteristics of the sub-system/system components
under different power demands.  The system architecture
of the model was based on the existing rear-wheel drive
(RWD) E-TWV with an electric motor connected to a rear-
wheel via a chain-drive. The specifications of E-TWV is
shown in Table 1.

Table 1. E-TWV specifications

Parameters Value

Electric motor continuous power (kW) 16.0

Electric motor continuous torque (N m) | 60.0

Vehicle weight (kg) 250.0
Operating voltage (V) 80.0
Battery capacity (kW h) 8.0
Drivetrain architecture RWD
Chain-drive ratio 1.0:4.028
Frontal area (m?) 0.5

Drag coefficient (including rider) 1.1
Front-wheel diameter (mm) 457.2
Rear-wheel diameter (mm) 457.2

The power demand of the E-TWYV is calculated using Eq.
1

P,= (( %pACdvz) + mg C,,+ ma + mgsin@) v (1)

The tyre rolling resistance is derived from the nonlinear
tyre model properties based on Magic Formula'®. The
gradeability of the road can be neglected since the
standard test procedures for all road duty cycles are based
on a rolling road to mimic a flat road surface.

And the energy consumption is given by Eq. 2
e=[Pdt (2
The battery direct current (DC) power is defined in Eq. 3

Pdc:Vo Io (3)
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Fig. 1: E-TWV sub-system/system components interaction
concept

Fig. 1 shows the conceptual architecture of E-TWV for
the sub-system/system components interaction. The
architecture of the E-TWV model comprised of
powertrain subsystem, chassis subsystem, energy storage
subsystem, controllers and driver model. The torque
demand from the rider was fed to the controllers to
optimize the level of interaction between the energy
storage and the electric motor. The torque produced by the
electric motor was amplified in the transmission and then
transferred to the rear wheel via chain drive. The rear
wheel and the vehicle body was connected by mechanical
couplers. The rear wheel developed the tractive effort
based on a non-linear tyre model as a function of vertical
weight transfer between the front and rear wheels when
the vehicle was in motion. The vehicle provided feedback
to the controllers in terms of vehicle speed for power
optimization.

From the conceptual architecture, the E-TWV model
was built to capture the electrical and mechanical system
interactions. Fig. 2 demonstrates the high-level system
model architecture of E-TWV. The system model consists
of Lithium-lon battery (LIB) energy storage based on
21700 cylindrical LiNiMnCo (NMC) with 20 series (S) 28
parallel (P) cell arrangement. The cell maximum voltage
is 4.2 V and the cut-off voltage is 2.5 V. The maximum
continuous C-rate of the LIB cell is 2.0 C (10 amps). NMC
battery has a good cycle life performance, which is one of
the important requirements for EVs, compared to other
types of chemistry such as NaMeO2 battery?®. However,
the NMC cost is considerably high. According to Xie et
al.?2y, another potential chemistry is Na-lon based
(Na3MPO4CO3) but required further development in EVs
application.

Motorcyele

Cantrollers

Fig. 2: A high-level multiphysics system model of E-TWV

The electric motor was based on the multi-inputs multi-
outputs lookup table to represent the electric motor map.
The outputs were an output torque and a LIB current as a
function of LIB voltage, motor speed and torque demand.
The electric motor performance characteristic is shown in
Fig. 3. For the tractive effort input, the vehicle weight
transfer was controlled by the vehicle centre of gravity
(CoG) and the front and rear suspension compliances. The
weight transfer is given by Eq. 4.

Am = mgo? 4)

~——Torque -----Power

K

=" Tractive region

Power (KW)

Torque (N m)

“‘-.‘_ Regen region

0 Shaft speed (rpm)

Fig. 3: Electric motor performance characteristic for tractive
and regenerative efforts

In terms of the driver inputs, there were two types of
test used in the system model to characterize the E-TWV,
namely performance test and energy consumption test as
shown in Fig. 4. For the performance test, the test schedule
is shown in Table 2.

Energy

Performance test :
consumption test

|
[ ]

Maximum speed

Transient drive
cycles

Fig. 4: Simulation test procedures of e-TWV

Acceleration

Table 2. Performance test schedule of E-TWV

Test Methods Rationale
procedures

Maximum Apply 100 % ramp To evaluate the
speed power demand within | maximum speed
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of E-TWV
specifications

0.5 seconds (s)

performance attributes of e-TWV is shown in Table 4. E-
TWV is capable to achieve 110 km h%, which is a similar

Apply 75 % ramp To simulate the performance to most 125 litre fossil-fuel TWV. The pass-
power demand within | performance of by acceleration in all speed ranges shows that the electric
0.5 s based on speed the E-TWV in motor can operate at the same torque region and provided
. demands below terms of a good driveability attribute.
Acceleration 0-100 km h! acceleration,
30-50 kmh'! overtaking and Table 4. Performance attributes of E-TWV
40 - 60 km ht driveability Test Parameter (km h'1) Results
50— 70 km h'! Maximum speed 110 km ht
Standing-start acceleration, 0 — 100 8.4s
For the energy consumption test, three transient road Pass-by acceleration, 30 — 50 45s
duty cycles were used to reflect the real-world driving Pass-by acceleration, 40 — 60 45s
scenario as shown in Table 3. All of the road duty cycles Pass-by acceleration, 50 — 70 45s

represented the product profile of E-TWV in terms of the
accelerations, power responses, and energy demands.

Table 3. Transient power demand profiles using standard road

duty cycles
Parameters Modified FTP-75 WLTP
ARTEMIS class 2
No. of phases Urban cycle Cold' §tart Low.
(speed profile) % Rural Stabilized M.edlum
road cycle Hot start High
Maximum
speed (km h) 83.8 91.2 85.2

To calculate the well-to-wheel CO, emission, the
consideration of production, transmission and charging
losses are taken into account using Eq. 5 below.

Ke = (Ue+Te+Ce)8km (4)

The charging losses are considered at 10 amps for home
charging mode 2 standard®. Fig. 5 shows the transient
speed profile as the input for the rider. For modified
ARTEMIS, only the phases below 100 km h? are
considered due to the maximum speed capability of E-
TWV.

100 9 —DModified Artemis — - -FTP-75 ==--- WLTP class 2

80 -

N
1

=
i

v (km h'h)

I~
1

0 400 300 1200 1600
Time ()
Fig. 5: Three standard road duty cycles based on transient
power demands

2000

3. Simulation test results

Based on the performance test procedures, the

Three results of transient road duty cycle tests covered the
vehicle speed correlations, the LIB state of charge (SOC),
the DC LIB power, the electric motor power and the LIB
pack current. From the simulation results, the E-TWV
model shows a good correlation in terms of vehicle speed
in all road duty cycles as shown in Fig. 6 (a), Fig. 7 (a)
and Fig. 8 (a). To achieve the desired vehicle speeds,
sufficient electric motor power outputs were supplied to
the rear-wheel for providing the tractive effort. Therefore,
the controllers' block in the model ensured that the LIB
energy storage provided adequate DC power levels to the
electric motor.

During the operation of the E-TWV model on the road
duty cycles, the current was continuously discharged and
charged from the LIB energy storage. The amount of
current discharged and charged was governed by the
number of LIB cells in a series arrangement and directly
proportional to the torque produced by the electric motor.
The higher current discharged rate can cause a sharp drop
in LIB SOC.

In the modified ARTEMIS road duty cycle as shown in
Fig. 6, the E-TWV was able to achieve the maximum
vehicle speed demand at 83.8 km h with less than 1 %
error across the cycle time. The complete cycle time for
the modified ARTEMIS is 1600 s. The average and the
maximum electric motor power demands in the urban
cycle were 0.9 kW and 8.3 kW respectively. The trend of
the electric motor power demand in the urban cycle was
moderate and depleted 2.2 % of LIB SOC. On the other
hand, in the rural road cycle, the average and the
maximum electric motor power demands were 2.7 kW and
13.1 kW respectively. The high-speed demand caused LIB
SOC to deplete 4.2 %. The average efficiency between the
LIB and the electric motor in the modified Artemis was
13% (12.3 % in the urban cycle and 14.7 % in the rural
road cycle), which are common due to the inverter
efficiency between 80 % and 90 %. The LIB C-rate
operated below the maximum threshold with 2.0 C at the
urban cycle and 6.1 C at the rural urban cycle. The total
range for the E-TWV at the modified ARTEMIS road duty
cycle per single charge was simulated at 182.7 km.
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Fig. 6: E-TWV characteristic based on the modified
ARTEMIS road duty cycle a) vehicle speed b) LIB SOC c)
electrical power output d) electrical power losses and e) LIB
pack current

For the FTP-75 road duty cycle (Fig. 7), the maximum
vehicle speed demand at 91.2 km h has been attained
with less than 2 % error across the cycle time. The cold
start cycle time is 1874 s and the hot start cycle time is 505
s. The average and the maximum electric motor power
demands in the cold start cycle were 1.1 kW and 10.5 kW
respectively. The higher electric motor power demand
depleted the LIB SOC at a faster rate. No change of
maximum electric power demand in the hot cycle except
the average of 2.2 kW with a steep LIB SOC drop. The
average efficiencies between the LIB and the electric
motor in both cycles were similar at 13 %. As the electric
motor power demand was less aggressive compared to the
modified Artemis, the LIB C-rate required a maximum
value of 6.0 C in both cycles. The total range for the E-
TWV at the FTP-75 road duty cycle per single charge was
simulated at 173.2 km.
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Fig. 7: E-TWV characteristic based on the FTP-75 road duty
cycle a) vehicle speed b) LIB SOC c) electrical power output d)
electrical power losses and €) LIB pack current

Similarly in the WLTP class 2 road duty cycle, the E-
TWV met the maximum vehicle speed demand at 85.2 km
h* with less than 2 % error across the cycle time of 1477
sas shown in Fig. 8. The respective average and maximum
electric motor power demands in the low cycle were 0.54
kW and 3.8 kW, in the medium cycle were 1.6 kW and 6.1
kW, and in the high cycle were 2.7 kW and 9.1 kW. In the
cold cycle, the LIB SOC depleted steadily and at higher
rates in the medium and high cycles. The average losses
in all cycles were between 13.4 % and 13.9 %. In terms of
LIB C-rate, the lowest and maximum values are 1.9 C and
4.3 C respectively. The total range for the E-TWV at the
WLTP class 2 road duty cycle per single charge was
simulated at 194.1 km.
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Fig. 8: E-TWV characteristic based on the WLTP class 2
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road duty cycle a) vehicle speed b) LIB SOC c) electrical
power output d) electrical power losses and €) LIB pack current

Using the results from all road duty cycles in terms of
vehicle range per single charge, the estimated well-to-
wheel CO, emissions were calculated based on Eq. 5 and
Table 5 and is shown in Fig. 9. There are small differences
in terms of CO, emissions for e-TWV in all road duty
cycles using coal as the electrical energy source compared
to fossil-fuel TVW. This emphasized that the need to have
a clean energy source for electric mobility to achieve an
efficient system.

Table 5. CO2 emission for the electrical energy generation

CO:2 emission Value

Ener Coal (g CO2 MW h1)2) 910000
" dgztion Natural gas (g CO2 MW= h1)® | 604000

P Combined cycle (CC) gas turbine

sources (g CO2 MW- hriy2 407000

% of transmission losses?) 9.7

% of charging losses at 10 amps rate®) 6.9

It can be observed that FTP-75 produced the highest
well-to-wheel CO, emissions for all energy sources,
followed by modified ARTEMIS and WLTP class 2. The
differences of well-to-wheel CO, emission in each of the
road duty cycles showed that the importance of
controlling the energy demand at the transient response,
particularly at stop-start strategies. The source of the
energy is also significant to determine the level of well-to-
wheel CO; emissions. A survey performed by Kana et
al.?» shows that solar power generation has a greater
impact on environmental policy. Gima and Yoshitake?”
also indicated that the security of power generation is
important for technology sustainability.

100 4
90

# Modified Artemis
mFTP-75

BWLTP class 2

z/lan

Co,

Coal Natural gas

CC gas mrbine

Fig. 9: Well-to-wheel emissions of E-TWV based on
different road duty cycles and energy sources.

The E-TWV model was also capable to run in a real-
time environment with a standard computational time
requirement of < 50 % for control development using
hardware-in-the-loop platform?), The computational time
based on the simulation time and step size was:

* Modified Artemis at 3.7 %
» FTP-75at3.5%
* WLTPclass 2 at 2.5 %

4. Conclusions

This study has validated the performance attributes
(power and energy interaction) of a high-fidelity E-TWV
model for electric motor sizing, controller, and LIB design.
The E-TVW performance results revealed a good
correlation with a similar product category. The controller
block effectively managed the sub-systems interaction
with less than 2 % error for transient power demands in
different standard road duty cycles. The results also
revealed the potential of reducing range anxiety through
effective energy management strategies or an appropriate
LIB cell architecture (series and parallel) to achieve the
desired torque and power. Perhaps, the different trend of
energy consumptions in different road duty cycles
indicates that more efficient controllers are required to
manage the energy flow from the LIB for further
optimizing the operating points of electric motor. Passive
energy management can also be included such as the
design of the E-TWV for lower resistance forces to
minimize the chain-drive losses. The differences of well-
to-wheel CO» emission among the road duty cycles also
highlight the importance of controlling the energy demand
at the transient response, particularly at stop-start
strategies. Nevertheless, the source of electrical energy is
imperative to produce low CO, well-to-wheel emissions.
Carbon-neutral fuels or renewable energies can help
vehicle electrification technologies to meet the stringent
future emissions directives. The ability of the E-TWV to
run in real-time in transient power demands provides the
opportunity to develop advanced control strategies in the
hardware-in-the-loop  platform for system energy
management and LIB thermal management.
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Nomenclature

Py power demand (kW)

A vehicle frontal area (m?)

m vehicle weight (kg)

Cq coefficient of drag

Crr tyre rolling resistance

v vehicle velocity (m s?)

g gravitational acceleration (m s?)
Pac direct current power (kW)
Vo battery pack voltage (V)

lo battery pack current (amps)
Am weight transfer (kg)

h height of CoG (m)

| wheelbase length (m)
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Ke
Ue
Te
Ce

well-to-wheel CO2 emissions (g km™)
production CO;, emission (g CO2/MWh)
transmission CO, emission (g CO2/MWh)
charging CO; emission (g CO2/MWh)

Greek symbols

e energy consumption (kW h)
0] longitudinal acceleration (m s)
Ekm energy consumption per km (W h km?)
0 gradeability (°)
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