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Abstract: The growth of electric vehicles share of total passenger-vehicle sales is evident and is
expected to be a very big market segment by 2030. Range of travel and pricing are the most
influencing factors that affect their gain in market share. As so, powertrain development is a key
technology factor researched by the automotive industry. To explore, among others, how the energy
consumption of zero emission vehicles is affected by different transmissions, we developed, built and
installed a variety of them on a custom hydrogen fuel cell powered urban vehicle. In this work we
present a comparison of the effect, on the energy consumption of the proposed testbed, of a prototype
custom build 2-speed gearbox and a single stage transmission. Results presented show a reduction of
the overall energy consumption with the use of the 2-speed gearbox, compared to single stage, as well
as the effect of gear change speed, related to speed, in energy consumption. Finally, a correlation of
experimental results using a custom build CVT is conducted compared to single stage transmission.
A comparison to simulation results found in literature is performed for all the transmissions tested
on road.
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1. Introduction

There is an increasing demand for Electric Vehicles (EV). In 2017, 1.3 million units were purchased
around the world. The aforementioned number corresponds to 1% of the total passenger-vehicle sales,
and corresponds to a 57% increase from 2016 numbers [1]. Some of the biggest original equipment
manufacturers (OEMs) have announced the introduction of more than 100 original models powered
by an electric motor by 2024, while the total share of electric vehicles is estimated to reach 30-35%
in major markets, and 20-25% globally by 2030. EVs market share will be boosted by their ability to
reach higher ranges and their target to increase design efficiency and reduce manufacturing cost to
become affordable to more customer segments. Currently, after extended testing in different types of
EVs, the average range is more than 300 Km, and has surpassed the expectation of the largest customer
segments, which combined with the current (reduced) price tag in EVs, shows the increased potential
of the aforementioned market.

To lower the fuel consumption and increase the autonomy, different types of engines and power
transmission components are investigated. Currently the automotive manufacturers are focusing either
in new or in optimized powertrain systems that can achieve better fuel consumption. These types of
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designs are developed not only for internal combustion engines but also for the case of hybrid/electric
cars [2].

The majority of production vehicles use conventional Manual Transmissions (MTs) or Automatic
Transmissions (ATs), while a viable alternative are the Continuously Variable Transmissions (CVTs)
and infinitely variable transmissions. A detailed study of their characteristics, including but not limited
to their efficiency, torque transfer and applicability is presented in [3-5].

The torque characteristic is the main advantage of an electric motor, since it can provide the
maximum value of the available torque from completely stopped up to relatively low speeds, and then
it is proportional to the maximum power as the motor’s speed is increasing [6]. To exploit the
aforementioned advantage, most of the commercially available EVs are using powertrains which
are directly connected to the driving wheels via a single reduction ratio, having several competitive
advantages [3].

However, gearbox use can be a solution in order to meet the design requirements of vehicle
acceleration and maximum speed, where high-performance traction motor and batteries are required.
Thus, a 2-speed or even an n-speed gearbox may be installed to increase the available wheel torque,
to reduce acceleration times and increase the achievable road grade, whilst prompting the power
source to operate in a higher efficiency region during drive cycles. A multiple-speed transmission
adopted for an electric drivetrain has energy consumption benefits over a single-speed equivalent [7].
There are two main advantages that cope with that. When using a two-speed transmission the first
gear ratio can be chosen to increase the low speed torque to improve acceleration and increase the
achievable road grade, whereas the second gear ratio can be reduced to extend the operating vehicle
speed range. The second major advantage from adopting a multiple speed transmission is that the
drivetrain can theoretically operate in a higher efficiency region for a larger portion of a driving
cycle [6].

Current state-of-the-art on gearbox or alternative transmissions use on electric vehicles (EVs)
is found in [8-12] including a vast number of simulation based comparisons using 2-speed versus
single speed gearbox or CVT’s use [6-8,13-17]. In [18] different electric drivetrain configurations were
discussed along with the implications of installing a multiple speed transmission in a fully electric
drivetrain. In [19] a vehicle model was developed consisting of physical models of the components
considering the moments of inertia, drag torques and efficiency maps which accounted for the variation
on temperature (specifically the electric motor). Furthermore, an optimisation of the gear ratios for both
transmissions and shift points for the two-speed was undertaken. The two-speed vehicle evidently
operates in the high efficiency region for a larger portion of the driving cycle giving rise to a reduction
in energy consumption. Specifically, it was found that on flat ground above 35 km/h, the two-speed is
saving energy being in second gear as opposed to first gear so spends the majority of the driving cycle
in second gear. The authors also compared the two drivetrains with the same electric motor and found
a 5-10% energy consumption improvement in favour of the two-speed system.

In [20] the authors went on to analyse two-speed, three-speed and four-speed drivetrains with
gear ratios selected based on the results of the CVT gear ratio optimisation. The results show a marked
improvement over the single-speed drivetrain by using a multiple-speed transmission with energy
consumption gains ranging from 4.5 % to 11 % over different driving cycles. It is evident that further
gains can be made by adopting a CVT, however, the marginal gains over the four-speed transmission
would in fact be lost in the additional transmission losses between the two systems. Finally, some
concept gearbox prototypes targeting mostly EVs use are already presented in the market, such as
those by Vocis/Oerlikon Graziano, Antonov and Kreisler Electric [21-23].

According to the above, there is limited research on real on road tests, in order to identify if
gearbox use can provide a feasible solution towards reduced energy consumption, as also to define
the effects of gear change. As already mentioned, to the best of our knowledge such research results
have been only based in simulation results. In the proposed work we present a comparative analysis
of a custom 2-speed gearbox and a flat belt driven CVT, developed by our research team with a single
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stage transmission. Energy consumption and different gear change speed effects on an urban electric
vehicle are presented, based on road tests experimental results and comparisons. These results are also
used as an evaluation tool compared to literature simulation results.

The rest of the manuscript is organised as follows, in Section 2 the experimental set-up is presented
including the detailed vehicle specifications, the description of the powertrain and the drivetrain as
well as the description of the on the road experimental procedure and set-up. In Section 3 we describe
in detail the experiments conducted with the different configurations and we provide a comparison
between the different configurations. Finally, in Section 4 we conclude with some key findings and
discussion for future research.

2. Experimental Set-Up

2.1. Vehicle Specifications

For the evaluation of the proposed system, we conducted tests using realistic conditions.
Our testbed was the custom build urban vehicle ER16 (Figure 1). The powertrain is an electric motor
which uses as a power source an Hj fuel cell. The drivetrain (standard transmission) is composed from
a single-stage geared transmission with ratio 10:1. The main technical characteristics of the vehicle are
presented at Table 1.

Figure 1. The prototype testbed vehicle ER16.

Table 1. Testbed Vehicle Specification.

Characteristic
Chassis Aluminum alloy
Body Carbon fiber
Motor Brushless electric motor
Max Motor Torque 4 Nm
Max Motor rpm 4000 rpm
Power Source H, fuel cell, 1.2 KW
Dimension 25x 125 x 1m (L x W x H)
Weight 77 Kg/79 Kg (with gearbox)
Max Vehicle Speed 37 Km/h

2.2. Powertrain and Drivetrain Setup

Two different powertrain configurations were tested, (i) a single-stage transmission (Figure 2)
and (ii) a 2-speed change gearbox (Figure 3). In both cases the electric motor is powered by a
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hydrogen fuel cell using Hj at 200 bar. In the first case the transmission system is positioned between
the motor and the wheel so that it can provide the needed torque and rpm, and works as a final
transmission (transmission ratio 10:1). In the second case, with the installation of the system a two-stage
transmission system occurs, while the rest of the powertrain remains unchanged. The second stage
(final transmission) is kept exactly the same providing a 10:1 ratio. The first stage (gearbox) provides a
gear change with ratios 1.4:1 and 1:1 respectively. Thus, the total transmission ratios are 14:1 (1st gear)
and 10:1 (2nd gear), which are mostly setup and used as launch and cruise vehicle driving modes.

H2 Fuel Cell

Electric Transmission
Motor == {one stage) B
—

Figure 2. Testbed vehicle standard powertrain configuration.

H2 Fuel Cell

Gearbox (<[ Transmission |

Figure 3. Testbed vehicle powertrain configuration with installed gearbox.

The first stage of the transmission presented is custom built for the configuration and
characteristics of the specific testbed vehicle. It is the second version of such a gearbox developed by
our research team. The first, introduced in 2014, was integrated in the ER14 vehicle weighing 2.3 Kg
and used the exact same gear ratios [24]. The version presented here has been redeveloped, providing
higher gear change capabilities, better efficiency and lower weight (Figure 4). A major improvement
was in the shifting mechanism providing synchronization capabilities as used in production cars.
The synchromesh system consists of two straight-cut gear sets that are constantly “meshed” together
and a dog clutch is used for changing gears. Synchro-rings are used in addition to the dog clutch to
closely match the rotational speeds of the two sides of the transmission before making a full mechanical
engagement. An electronic shifting control is also installed, using a small electric motor to provide
linear movement of the dog-clutch to shift between gears, commanded by a switch on driver’s steering
wheel. The speed of shifting (related to electric motor rpm) was experimentally proven by testing,
so an adequate and efficient operation is accomplished in various speeds of operation. The total
gearbox weight is measured at 1.9 Kg, using aluminum alloy material (6063T6) for most parts, except
the gears, which are made from plastic.
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Figure 4. Detailed drawing of 1st and 2nd transmission stages, showing electronically controlled gear
change mechanism and corresponding gear ratios.

As mentioned, the use of this gearbox mainly targets lower energy consumption during launch
as well as electric motor operation at a higher efficiency region. The construction of the gearbox is
based on two gear pairs attached on two parallel axles (Figure 4). The gears are fixed on the first
axle (driving axle) and are rotated by the electric motor. On the second axle (driven axle), every gear
has a bearing installed that provides a free rotation on the axle. Using the synchronizing mechanism
placed between the gears of the second axle, we can change from one gear ratio (1st gear) to another
(2nd gear). When no gear is selected, both gears of the second axle can rotate free and thus no power is
transferred to the second transmission stage and to the wheel. If the first or second gear is selected
by the synchronizing mechanism, then power is transferred to the second stage of the transmission
using the corresponding gear ratio. In Figure 5 the custom build gearbox is presented as installed
on the prototype vehicle. Using the 2-speed change transmission, the different gear change points
occur on different vehicle speeds but for the exactly same gear ratios. Therefore, the main effect is gear
change point (speed) contribution, which corresponds to altered motor rpm operation and this leads
to a reduced power request.

Figure 5. A view of the custom built prototype 2-speed gearbox.

The efficiency map of the electric motor was not provided by the manufacturer. Therefore, series of
experimental testing were conducted in a custom testbed, in order to measure electric motor efficiency
at specific loads [12]. In our case, testing targeted vehicle operation at the speed of 25 Km/h, where
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power demand for the prototype vehicle is 200 W. The custom testbed setup includes: a rotary torque
transducer connected to the electric motor axle (input) and to a hydraulic disc brake (output), as well as
amperometer and voltmeter measurements from the motor input. The data recorded are:

1. Output data from the torque transducer (Motor speed (rpm), Torque (Nm) and Power (Kw)).
2.  Input data from the power measurements in the input of the electric motor.

In all measurements, external load is set to 200 W by applying pressure to the hydraulic disc brake
and data are recorder every 500 rpm. The results of the motor’s efficiency are presented in Figure 6.
As shown, maximum motor efficiency (91.3%) is reached at 2500 rpm. In addition, an optimal rpm
range of motor operation is from 2300 to 2500 rpm, where efficiency exceeds 90%.

95.00
90.00
85.00
80.00
75.00
70.00

Efficiency (%)

65.00
60.00
55.00

50.00
500 1000 1500 2000 2500 3000 3500 4000
Motor Speed (rpm)

Figure 6. Motor’s Efficiency vs. motor speed.

Motor torque measurements versus motor speed are also presented in Figure 7. The maximum
torque found is 4 Nm and drops as motor speed raises. Measurements recorded for a motor speed up
to 3500 rpm due to testbed limitations for adequate results.

4.5 T T

4

35

Torque (Nm)

15

0 Il i L L L 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Motor Speed (rpm)

Figure 7. Motor torque measurements vs. motor speed.
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Regarding the efficiency of the drivetrain, several measurements and assumptions were made.
Specifically, the single-stage transmission, consisting of one gear pair, is assumed to have an efficiency
of 95%. This efficiency is also used as final transmission efficiency when the 2-speed gearbox or CVT
is installed. For the 2-speed transmission, the efficiency is assumed at 95%. Thus in this case a final
drivetrain efficiency of 90% is obtained.

For the CVT, extensive experimental testing has been conducted in order to measure the efficiency
on a laboratory testbed [8]. The testbed setup is identical to the one used for motor efficiency
measurements. Its main components are: (a) a rotary torque transducer measuring motor speed (rpm),
Torque (Nm) and Power (Kw), (b) a hydraulic disc brake to apply external loads, (c) a brake handle,
to regulate torque, (d) a brushless electric motor providing the input torque, (e) throttle adjustment for
motor speed calibration and (f) a laptop for data recording. Measurements are conducted in respect to
electric motor maximum torque and best efficiency speed (2500 rpm). Efficiency ranges to a maximum
of 93%. As expected, best efficiency is found at higher motor speeds (2500 rpm). In this case the final
drivetrain efficiency is calculated as 88.4%.

2.3. On Road Experimental Setup

All experiments were conducted on TUC’s campus, in a track with a total length of 240 m
(Figure 8), while a full test consisted of two laps (480 m). Initially we performed experiments with
the standard setup and then we replicated them using the 2-speed gearbox, in order to compare
their respective energy consumption. To perform the aforementioned comparison, in the second case,
different gear change speeds were chosen as shift speeds (8, 11, 14, 17 and 20 Km/h). The vehicle was
starting 60 m (Figure 8) before the first corner (1). In order to minimize the driver’s intervention and
extract unbiased results, the following ruleset was followed:

1.  Speed limits are set for the first time the car passes from corners (1) and (2), set at 15-17 Km/h.
The driver tries to follow this rule at almost constant acceleration.

2. Above 22 km/h the vehicle increased its velocity using full throttle, which results in higher
energy consumption, without actual interference from the driver.

3.  Total time to complete the two laps is set to a margin of 79-83 s with a max speed of 30 Km/h.
Driver cannot brake to increase lap time but can stop pushing the throttle while cornering in
order to adjust his lap timeframe.

|
-
!
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i
-
|
-

i Start/Finish
] ! T

OIS0 W THT I
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&..._.

Figure 8. Test track specifications, used for on road tests.
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2.4. Data Recording

The acquisition of data streams used for evaluation of tests gathered in road conditions consists
of a custom data logger, tailored to serve the needs of the TUCer team. The custom data logger device
(TUCer logger) records data of power supply voltage and power supply current, with frequency
of a sample set every 0.5 s (2 Hz). Voltage and current are measured at the input of the electric
motor. The core of the logger is the popular Arduino Uno microcontroller. Voltage measurement is
done by a voltage divider. Current measurement by a shunt resistor and an AD623 Instrumentation
Amplifier. All inputs are transferred to the Arduino for processing and evaluation. To address the
Arduino’s lack of internal memory (for logging purposes), a serial connection (via USB) to a Raspberry
Pi is established. The Raspberry Pi receives the data from the Arduino and logs a file for retrieval
after the test. For the measurement of hydrogen consumption a flow meter of high accuracy is used
(Red-y compact), providing real time measurement of total hydrogen consumption. In every test,
measurement of the flow meter is recorded at the start and finish of the two laps. The flow meter is
placed at the input of the fuel cell.

3. On Road Testing and Results

Based on the setup and procedures described in detail in Section 2, we measured the power demand
(Watt) versus sampling time for different scenarios (Figures 9-14). We also recorded and calculated the
mean power and total hydrogen consumption, which is proportional to power demand, following a
curve according to Fuel Cell specifications [24]. Three different categories of experiments are presented:
Single-stage setup testing, 2-speed gearbox setup testing and CVT setup testing, respectively.

3.1. Tests on Single-Stage Setup

The first scenario concerns the standard powertrain configuration and after conducting
experiments as described in detail in Section 2, we calculate the power demand presented in Figure 9.
During cornering the power is minimized, where the driver stops pushing the throttle but without
braking. On the other parts of the track power demand reaches 400 W. The H, consumption was
measured at 4.43 It and mean power demand was calculated at 213.45 W. The total time on track was
83 s and the maximum speed reached was 29.8 Km/h.

450 w ‘ ‘ ‘ T T

400 _
350 - 1

300 - T

5250 r T
A
g
© 200 r g
o

150

100

50

0 10 20 30 40 50 60 70 80 90
Time (Sec)

Figure 9. Single-stage setup testing.
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3.2. Tests on Two-Speed Gearbox Setup

The second scenario concerns the two-speed gearbox, where the main differentation is the gear
shift speed, which has a significant impact on the testbed’s performance. For assessment purposes
gear change from 14:1 to 10:1 is set at five different vehicle speeds (8, 11, 14, 17 and 20 Km/h) during
launch. The scope of this procedure is to asses the impact of gear shift, at different speeds, to energy
consumption (Table 2).

Table 2. Impact of gear change at different vehicle speeds.

Gear Change Speed (Km/h) Mean Power Demand (W) H, (It)

8 210.12 4.37
11 205.38 4.28
14 221.32 4.49
17 232.09 4.58
20 235.82 4.62

Using the gearbox provides higher acceleration which corresponds to less time to reach the first
corner (compared to single-stage) and total time in track is found between 80-81 s for both laps.
Maximum speed reached was 29.2-30 Km/h. As so, the vehicle’s performance is almost the same in
terms of speed inside the track, but it is clear that gearbox use can achieve lower track time. The results
are presented in Figures 10-14 whereas the minimum energy consumption is at 11 km/h gear change
speed (H, consumption: 4.28 It, mean power demand: 205.38 W), followed by 8 km/h gear change
as second best (Hp consumption: 4.37 1t, mean power demand: 210.12 W). Above 11 km/h gear shift
speed, mean power demand is higher. Compared to single stage transmission results (H, consumption:
4.43 It, mean power demand: 213.45 W), correspond to 3.4% H; consumption reduction and 3.8%
lower mean power demand.

450 T T T T T T T T

400 1

350 1

300 1 1

g 250
5

o 200
a
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100

a0

20 30 40 50 60 70 80 90
Time (Sec)

Figure 10. Two-Speed gearbox testing (gear change at 8 km/h).
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Figure 11. Two-Speed gearbox testing (gear change at 11 km/h).
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Figure 12. Two-Speed gearbox testing (gear change at 14 km/h).
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Figure 13. Two-Speed gearbox testing (gear change at 17 km/h).
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Figure 14. Two-Speed gearbox testing (gear change at 20 km/h).
3.3. On Road Testing of a Prototype CVT

The prototype CVT transmission used was named as an Electronic Shift Variable Transmission
(ESVT) and was installed on the ER12 prototype urban vehicle build by TUC Eco Racing team (Technical
University of Crete). It is equipped with a real time electronic control of ratio change according to
motor rpm, in order to achieve higher motor efficiency and lower energy consumption on a driving
cycle. Its operation targets higher traction force thus there is lower consumption at vehicle launch and
electronically shifted variable gear ratios ranging from 1.5 to 1 at higher speeds, resulting in electric
motor operation in a better efficiency region. In addition to a fixed secondary gear, results to a final
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drive of 15:1 to 10:1. It is used to compare results of ESVT use versus a single-stage transmission on
the same vehicle [8]. A schematic diagram of the ESVT main components is shown in Figure 15.

Vehicle
Data Input

ESVT Wheel

ESVT
Controller

Electric
Maotor

e = =)
EDa‘laTra.nsl'e Pawer Transfer Umarlﬂmim;

Figure 15. The proposed Electronic Shift Variable Transmission (ESVT) configuration.

Experimental results included a test case where the prototype vehicle operated in similar
conditions (single lap test) at the same test area (Figure 8). Testing was performed initially without
the ESVT and subsequently with it. The vehicle was accelerated at full throttle to obtain comparable
results with limited driver intervention. The overall hydrogen consumption was lower using the ESVT
(4.3% improvement). As already discussed, according to our literature review simulation results of
CVT versus single stage transmissions showed 5-12.4% reduction on energy consumption for specific
driving cycles. Since our experimental results show a 4.3% reduction in H consumption for just one
lap (corresponding to just one launch), it can be assumed that a very good correlation to simulation
results exists.

3.4. Results Evaluation

There are several insights extruded by the experimental results presented. Regarding vehicle
performance, the vehicle can achieve higher acceleration using the gearbox, corresponding to slightly
lower time needed to complete the two laps in track. As shown in the comparison of Figures 9-14,
the single stage transmission needs 83 s to complete the test, while the 2-speed gearbox times vary
between 80-81 s. Time up to corner (1)—(2) is lower in every case of the 2-speed transmission. It was
highlighted that hydrogen consumption can be reduced up to 3.4% (No gearbox: 4.43 It H,, 2-speed
gearbox: 4.28 It Hp), and mean power demand up to 3.8%. Even though this percentage seems
low, it must be noted that tests conducted included just one launch during the laps. The same
experimentation in a city driving cycle where often stop & go are necessary, may lead to further
reduction of the energy consumption.

Another key finding was that gear change speed significantly impacts the energy consumption of
an electric vehicle, and it can be reduced up to 4% or raised up to 11% (Table 2). As shown in Figure 16,
there is lower energy demand on launch acceleration, but increased energy consumption in higher
gear change speeds, since high electric motor rpm (in first gear) corresponds to motor poor efficiency
region. In high vehicle speeds (with full throttle), increased power demand is found mainly due to
gearbox losses. According to the above, a 2-speed gearbox can provide lower energy consumption but
depends heavily on gear shift strategy. On the other hand, better vehicle performance is achieved.
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Figure 16. Comparison of power demand of the best gear change speed (11 Km/h) for a 2-speed
gearbox setup versus a single-stage transmission.

Finally, the experimental results presented are compared to the simulated results found in
literature [6,19,20]. It should be noted that to the best of our knowledge, there is no equivalent
usage of on road testing with different transmission types and a detailed comparison of their effect.
As so, according to literature, simulation results reveal that in a city driving circle, the energy consumed
energy is reduced by 3.2-11% using a 2-speed versus single stage transmission. In our experimental
results, 3.8% reduction is found in a 2-lap test. Thus, higher reduction should be expected for a city
driving cycle that has more stop and go stages.

Regarding the CVT use, literature simulations indicated gains on energy consumption up to 12.5%
for specific driving cycles. Our experimental results (using a prototype electronically controlled CVT)
presented 4.3% energy reduction compared to single stage results, for just one lap test, so very good
correlation to simulation results exists. It should be noted though that CVT drawbacks should be
accounted for, such as weight, complexity and power losses.

All the above-mentioned conclusions point out that multiple stage transmissions use in electric
vehicles can be an important factor to achieve lower energy consumption.

4. Conclusions

The on-road testing of different transmission using a custom electric testbed, powered by
hydrogen fuel cell, is presented. The different configurations included a Standard Powertrain setup
and Gearbox setup and a prototype 2-speed gearbox. We explored their performance as well as
the effect of different gear change at different speeds. Experimental results showed that a 2-speed
gearbox can provide lower energy consumption (up to 3.8%) but depends heavily on gear shift strategy.
As such, gear change speed is of great importance and should be optimized to reach even higher levels
of energy consumption reduction. Experimental results using a prototype electronically controlled
CVT were also presented, indicating 4.3% energy reduction compared to single stage results, for just
one lap test. All the experimental results presented for different transmissions use are compared to the
simulated results found in literature. A good correlation is found regarding the use of single-stage,
2-speed and CVT transmissions.

Future work will be focused on new on road experiments that will reduce the driver’s influence
on results. This can be achieved by using the new platforms developed by the TUCER team, where
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throttle control can be defined either as a standard input of predefined values or using speed control
over the track. Finally, simulation results will be provided based on the specific vehicle dynamic
simulation, but validated through experimental testing, providing adequate results over different
driving cycles.
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