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Abstract

In this paper, the performance and overall efficiency optimization process for
a full-electric Formula Student car are reported. The Formula Student Electric
is a scientific-educational competition of high technological value that re-
quires the development and construction of a fully electric open-wheel pro-
totype car; the cars rival both in terms of absolute performance and in terms
of total energy efficiency, especially in the most important test, the endurance
event. The optimization of the performance and efficiency of the cars affects
various aspects of both the powertrain and the car body and, as macro areas,
three crucial themes can be identified for the development of the cars: the
power maps with which the inverter manages the electric motor, the aerody-
namic kit installed onboard and the overall weight of the car. In this regard,
in fact, it is not obvious, for example, that it is convenient to use the maxi-
mum power allowed by the rules for the powertrain (80 kW); in the same
way, it is not inevitable that it is advantageous to install all the components of
the aerodynamic kit (front wing, rear wing and undertray with diffusers) and,
finally, the best configuration may not be the one with the lightest car. This is
also in consideration of the fact that some choices must necessarily be a com-
promise, such as completeness of the aerodynamic kit and vehicle weight.
Hence the search for an optimum point is necessary. The work proposed here
aims to describe the experimental search for the optimal configuration for the
car of the Sapienza Fast Charge team. To achieve the goal, the analysis has
been conducted with several experimental tests on a simple test ring with a
dynamic configuration comparable to that of a typical endurance track. The
tests have been fulfilled with different combinations of aero-kit configura-
tions, with the aero devices available on the car, rear wing, front wing and
undertray, and with different energy management strategies, implemented in
the power map of the inverter. The best result has been achieved considering
the official ranking calculation of the Formula Student rules 2020, with a
combination of best track time and lower energy consumption. The work de-
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scribed here will start with the description of the prototype vehicle, reporting
the details of the powertrain and storage system installed onboard. Then, the
aerodynamic devices designed and built will be described, and the CFD anal-
ysis of their performances will also be reported. In the following, the descrip-
tion of the test track will be discussed and a comparison of a typical track of
an Endurance test in Formula Student will be fulfilled. Finally, the parameters
measured experimentally will be described and all the tests carried out will be
discussed, in order to determine the optimal configuration of the car.

Keywords

Vehicle, Electric, Aerodynamic, Energy, Experimental

1. Vehicle Description

The car covered by this paper responds entirely to the dictates of the Formula
Student rules, both as SAE (society of automotive engineers) and FSG (Formula
student Germany). Formula student is an international championship where
universities students test themselves designing and building three different cate-
gories of a single seater race car: Electric, internal combustion and autonom-
ous-driving cars. The rules give the main guidelines to fulfill to guarantee, overall,
safety of drivers and stewards. Formula Student competitions are constituted by
statics engineering events and track tests. The track tests give the main part of all
competition’s points and the most important is the endurance test: a race of 22
km on a very technical track characterized by frequent acceleration and braking.

The car considered in this paper (Figure 1) is from “Sapienza Fast Charge”
team and presents the following characteristics. The rolling chassis is a steel
tubes space frame structure with A-arms and push rod suspensions; hubs and
uprights in ergal aluminum alloy, with magnesium alloy wheel with Pirelli slick
tires. The complete vehicle weighs, without the driver on board, 240 kg, the bat-
tery pack alone weighs 54 kg, and the motor and inverter weigh 20 kg. The over-
all weight distribution is 50:50 considering a 75 kg driver and the aerodynamic
kit that is composed of the front wing, rear wing and undertray with diffuser.
The car is equipped with 6.3 kWh energy storage (Figure 2) in 90s3p configura-
tion using li-po pouch cells, with 380 V of maximum voltage and capable of 150
A of burst charge current, to be considered in the regenerative braking system
design. Energy storage’s container is built by carbon and kevlar fiber to enhance
the power-to-weight ratio and guarantee excellent electric-insulation, flame re-
sistance and mechanical proprieties.

Electronics and safety systems are partially commercial and partially from
Team’s design: The Vehicle Control Unit, specific for automotive applications, is
programmable with MATLAB-Simulink and the Battery Management System
(BMS) is commercial but with firmware modified by the team. The BMS allows

to monitor and log temperatures and voltage of each cell parallel, to collect large
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Figure 2. The storage system (courtesy by Sapienza fast charge team).

amount of experimental data; it is useful for regenerative braking, because burst
charge during regenerative braking is thermally stressful for the li-po cells. The
full electric powertrain is made up of a permanent magnet axial flux motor that
delivers 100 kW and 240 Nm; it is connected to the wheels with a chain transmis-
sion with 11/45 pinion/crown ratio and an adjustable Limited Slip Differential.
The electric drive is managed by a 450 V electronic inverter with canbus line
communication with Vehicle Control Unit and data logging system. As already
explained, main target of this case study is to set the best configuration of the re-
generative braking device to maximize the total recovered energy during braking
phase (without rear wheels locking) in a typical Formula Student Endurance
Event. As a result of this work, the expected recovered energy during the Endur-
ance Event will be evaluated considering all the system constrains [1]; it will be
very important information to design the new storage system for Season 2021
car. In order to develop the project of a Formula Student energy storage system,
several kinds of information are needed but the most important one is the energy
required to complete the endurance event. It is needed to choose the right confi-
guration of cells in series and parallel to comply with battery pack voltage (nomin-

al and maximum) in the best matching possible with inverter voltage range [2].

2. Aerodynamic Kit Specifications

The aerodynamic kit is composed of three main devices, the front wing, the rear
wing and the undertray with diffuser, as reported in Figure 3.
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Rear Wings

Front Wings

Figure 3. Aerodynamic kit components (courtesy by Sapienza fast
charge team).

The front wing is composed of the main wing and two flaps, linked together
by two vertical walls for each flap. The external one is the endplates. The profile
of these wings and flaps is a custom profile, designed in house by the team to op-
timize the performances. It is built in carbon fiber and the overall weight is 3.8
kg, including 0.59 kg of steel mounting supports. The rear wing is composed by
the main wing and two smaller wings, linked together by two vertical endplates.

The wings profile is the same as front wings. The overall weight is 3.36 kg, in-
cluding 0.53 kg of lightweight aluminum alloy and carbon fiber supports. The
undertray is composed of the two flow extractors and the main plate-side, placed
under the car. This component is fundamental to achieve a lower drag coeffi-
cient of the car because the bottom surface of the car is very irregular and not
optimized with air flow paths. The profile of extractors is designed in house by
the team to optimize the performances and the overall weight is 5 kg, 2 kg for
the extractors and 3 kg for the main plate. The wings profile has been analyzed
and optimized with CFD calculation. Resulting from these CFD calculations,
front wings, rear wings and undertray can provide down force and drag resis-

tance as reported in Figure 4 and Figure 5.
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Figure 4. Down forces vs vehicle speed (CFD results, courtesy by fast charge team).
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Figure 5. Drag forces vs vehicle speed (CFD results, courtesy by fast charge team).

3. Experimental Test Planning

As mentioned, the goal of this work is to study and optimize the performance
and energy consumption of the Formula Student car of the Sapienza Fast Charge
team during the endurance event; this event is the most relevant within the
Formula Student competitions and is generally characterized as a round on track
800 m - 1000 m long, which must be covered consecutively for a total of 22 km
at the maximum possible speed and with the lowest possible energy consump-
tion. There are numerous parameters to be optimized on the vehicle to best per-
form this type of test; in the work carried out here, attention was focused on the

aerodynamic configuration of the car and on the power map set on the inverter.
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Experimental tests were then carried out on the track, in order to highlight the
optimal configuration for the endurance event for speed performance and ener-
gy consumption.

In Figure 6 a typical endurance event track is reported; the experimental tests
here reported and discussed were carried out on a simplified and easily repeata-
ble course that reproduces the straights and curves typical of an official endur-
ance event.

The maximum straight for an endurance track is 80 m and the corners must
have a diameter between 9 m and 18 m. For this test, the track is composed of
two curves with diameter of 9 m and 15 m and two straight of 80 m, compliant
with the rules.

The track, as described and shown in Figure 7, is 215 m in length and it is 3 m
in width.

For the tests, the car runs ten laps for a total of 2.15 km length run. At the end
of fifth lap the car run on the blue straight to change the sense of track to have
an optimal tires consumption and run the same curve in both driving sense.

The start line is the green line, at the beginning of the straight (running in an-
ticlockwise for the bigger curve) and the finish line is at the end of the bigger

curve in clockwise sense.

Figure 7. Simplified endurance-type track.
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To compare the results with a real endurance race, the data have been scaled
in a 22 km run.

The analysis carried out is mainly energy, so the aerodynamic aspects have not
been analyzed in specific detail, but the differences from a performance and mi-
leage consumption point of view have been evaluated by also considering the
driver responses on driving ease.

Each test was measured to obtain a comparison also on performance and cal-
culate the score that would have been obtained in the Endurance race; in fact,
this is calculated on the basis of both the time taken and the energy used, with
the official score formulas reported on Formula Student rules 2020.

Three different configurations of the aerodynamic kit have been considered;
in the first configuration only the undertray is installed on the car, the second
configuration is made up of the undertray and the rear wing and the third con-
figuration has with all aero devices installed onboard.

Concerning the power configurations of the electronic inverter, four different
power configurations have been considered for each aero configuration.

The power configuration is obtained by limiting the inverter controller max-
imum current deployed to the motor.

The current limits considered are 125 A, 175 A, 200 A, 250 A. To avoid ther-
mal issues [3] [4] that would have affected the tests, regenerative braking has
been disabled. Its optimization was the subject of previous work [5]. All the tests
were performed with the same tires pressure (measured with cold tires), the
same dynamic configuration and the energy storage voltage (4V for each cell)
and temperature (ambient temperature).

For this study the datalogger stores data at 20 hz frequency, and the following
parameters have been considered for the analysis:

e DC current between Energy Storage System and motor controller.
e Total Energy Storage System voltage (DC Voltage).
e Motor RPM.

In Figures 8-10, an example of logs of DC current, DC Voltage and DC Pow-

er are reported, for the test of the configuration with only the rear wings in-

stalled and current limit of 250 A on the motor side of electronic inverter.

4. Experimental Test Results

For each aero configuration, four different current settings were tested. In Table
1, all test results are reported. The results obtained in the experimental tests are
interesting and allows to extract useful considerations for the optimization of the
car; in fact, first of all, there was a significant improvement in the handling of
the car with the addition of aerodynamic devices, which made it possible to run
the circuit with greater ease for the driver. In general, as expected, the perfor-
mance of the tests showed that a greater available power leads to a decrease in
the travel time of the track and an increase in mileage consumption. However,

this aspect is not confirmed if the aerodynamic configurations are compared, in
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fact in the passage from the configuration with the rear wing to the complete
one, with also the front wing, the times have slightly worsened; while passing
from the configuration with only the undertray to the one with undertray and
rear wing, the improvement is evident, both from a time and consumption point
of view [6] [7].
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Figure 8. DC current log for test with rear wings and current limitation of 250 A.
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Figure 9. DC voltage log for test with rear wings and current limitation of 250 A.
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Figure 10. Output power from battery pack with rear wings, current limitation 250 A.
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Table 1. Overall raw test results.

Max. Inverter Current [A] 125

Run length [m] 2169

Time 10 laps [s]

177.59 169.53

Time endurance [s] 1801.28

Energy 10 lap [Wh] 439.3

Energy/km [Wh] 202.5
Energy endurance [Wh] 4455.4

Max current [A] 96

Max power [W] 31,363

Max speed [km/h] 74.9
Lap 1 [s] 18.97

Lap 2 [s] 17.78

Lap 3 [s] 17.99

Lap 4 [s] 17.61

Lap 5 [s] 17.25

Lap 6 [s] 17.47

Lap 7 [s] 17.77

Lap 8 [s] 17.30

Lap 9 [s] 17.80

Lap 10 [s] 17.65
Total time [s] 177.59

Endurance estim. time [s] 1801.28

Undertray Post Full kit
175 200 250 125 175 200 250 125 175 200 250
2155 2101 2183 2159 2169 2190 2195 2165 2184 2183 2185
175.19 167.79 179.23 166.01 166.48 159.15 181.15 169.99 169.53 161.47
1731.05 1834.08 1690.73 1825.95 1684.09 1672.05 1595.33 1840.61 1712.19 1708.7 1625.43
4915 538.6 568.8 4099 5683 5379 639.5 5152 542 475.8 586
228.1 2563 260.5 189.8 262 2456 2914 2379 248.1 218 268.1
5018.7 5639.4 5731.1 4176.4 57649 5402.8 6410.4 5234.3 5458.9 4795.4 5899.2
142 168 203 91 150 169 201 93 144 161 199
47,329 53,407 63,783 29,930 47,250 51,748 61,325 32,169 48,830 51,391 62,227
87.5 83.7 88.1 72.1 84.4 82 87.7 73.8 83 80.6 96
18.61 1936 1849 1947 1831 1635 16.79 19.17 1891 1758 17.85
16.50 18.69 1735 17.84 1725 15.64 1575 17.61 16.72 17.13 16.16
16.50 17.33 16.12 1822 16.71 16.87 15.87 1791 17.68 1576 15.64
1751 1791 16.26 1799 17.18 17.07 1557 1753 16.63 16.67 15.8
16.89 1763 1585 1718 1649 1646 1522 1835 16.19 16.19 15.36
16.30 17.09 1535 1773 16.02 1596 14.81 1844 156 16.81 159
16.88 16.23 1570 1754 15.69 16.99 16.8 17.94 16.2 17.37 15.86
1700 17.13 1542 18.15 16.41 17.08 1634 17.16 1728 17.84 16.37
16.89 16.73 1970 1774 16.12 17.14 15.9 1781 17.22 17.39 16.59
1645 17.09 1755 1737 1583 1692 16.1 19.23 1756 16.79 1594
169.53 175.19 167.79 179.23 166.01 166.48 159.15 181.15 169.99 169.53 161.47
1731.05 1834.08 1690.73 1825.95 1684.09 1672.05 1595.33 1840.61 1712.19 1708.7 1625.43

This apparent inconsistency in the tests with both wings installed can be ex-

plained by the fact that in this kind of tracks, with short straights, the influence
of the front wing is reduced, while the mass of the wing itself increases the
weight of the vehicle by about 5%, effectively leading to worst performance. The
question of weight is very important in a car that weighs just over 200 kg.

In order to extrapolate a projection of the experimental data and compare
them with a real endurance event in Formula Student, using the formulas re-
ported in the official Formula Student 2020 rules, and based on the real results of
the Formula Student Germany 2020 event, the scores that the Sapienza Fast
Charge car would have obtained in terms of performance and energy efficiency
were calculated for each configuration considered. In Table 2, these calculations

are reported.
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Table 2. Endurane event scores estimation.

Configuration

Post 250
Full 250
Post 200
Post 175
Undertray 250
Full 200
Full 175
Undertray 175
Undertray 125
Post 125
Undertray 200
Full 125

Endurance Time Endurance Endurance Energy Efficiency Total
Tream Score E ., (Wh) Score Score
1595.33 118.61 6410.4 85.95 204.56
1625.43 100.19 5899.2 89.84 190.03
1672.05 72.97 5402.8 93.19 166.16
1684.09 66.19 5764.9 90.1 156.29
1690.73 62.49 5731.1 90.29 152.78
1708.7 52.62 4795.4 97.3 149.92
1712.19 50.73 5458.9 92.24 142.97
1731.05 40.64 5018.7 95.44 136.08
1801.28 25 4455.4 0 25
1825.95 25 4176.4 0 25
1834.08 25 5639.4 0 25
1840.61 25 5234.3 0 25

By observing the results calculated in Table 2, it can be seen how the score
rewards pure performance more than efficiency. For this reason, the configura-
tion with undertray and rear wing with a current limit of 250 A prevailed, with
which the track was covered in the shortest time, despite being the configuration
with the highest energy consumption.

Comparing this better result with those of the Formula Student Germany 2020
classification, the Sapienza Fast Charge car would have placed sixth in the En-
durance classification and eighth in the Efficiency classification.

By adopting, instead, the configuration with the lowest mileage consumption,
among those that would have obtained points in the Efficiency classification,
that is the one with all the complete aerodynamic kit and current limitation at
175 A, the car would have achieved a better placement in the Efficiency classifi-
cation, but it would be heavily penalized in the Endurance classification, obtain-
ing a total of around 70 points less.

The EnduranceTime and Endurance Energy data are obtained, as mentioned
in the previous paragraph, by scaling the values measured with the 10 laps
(about 2.2 km) of tests carried out for each of the analyzed configurations over
22 km, the length of an endurance event in Formula Student.

The values relating to the hypothetical scores shown in Table 2 are calculated
based on the classification of the endurance event of Formula Student Germany
2020 and using the formulas for the calculation of the scores reported in Formu-

la Student Rules 2020 and summarized here for convenience:

0.333 ()

Endurance Score = 300
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Efficiency Score =100 (

0.1 @
Bl |
Emax
: T * ENo;
Efficiency Factor = | —#——%- (3)
team * ENlcam
where:
o T .. xis1.333 times of the elapsed time of the fastest vehicle.

e 7. is the team’s elapsed driving time.

e 7. is the fastest elapsed driving time of all teams who are able to score
points in efficiency.

e E.,. isthe team’s efficiency factor.

e E .. is the highest efficiency factor of all teams who are able to score points in
efficiency.

e  EN.,n, is the team’s used energy.
e EN,,, is the lowest used energy of all teams who are able to score points in ef-
ficiency.

In Formula Student Germany 2020, the following values are obtained:

Toim = 1321.5s, 7, = 1761.09 s, EN,;, = 4474 Wh and E,,, = 0.80.

mim max min ‘max

5. Conclusion

The experimental tests were carried out to provide data that estimate real con-
sumption, extrapolating the data on a track of 22 full km. The study made it
possible to experimentally highlight the lack of effectiveness of the front wing
which, in consideration of the limited extension of the straights in the Formula
Student events, fails to produce downforce that justifies the weight of the device.
The results analyzed here, therefore, suggest using the rear wing and the under-
tray device, which allow a significant improvement in the car’s performance and
ease of driving. The study and experimental analysis also made it possible to ex-
plore the topic of energy consumption expected during an endurance event for
the Sapienza Fast Charge car. From the data collected in the tests, it was in fact
observed that the most effective configuration has an energy consumption at the
limit of the current battery pack, with estimated energy consumption for En-
durance of approximately 6.4 kWh considering the use of regenerative braking.
However, if it were not possible to take advantage of the regenerative braking for
thermal reasons, the consumption would rise to about 7.1 kWh, while the energy
of the pack, influenced by various factors, such as the balance and deterioration
of the cells, the temperature, and the discharge current, is between the nominal
value of 6.3 kWh and the maximum value of 7.1 kWh. So, there would be little
safety margin, which is always necessary to have, to avoid unfavorable condi-
tions leading to exhaustion of the charge before the finish of the race. During the

design of the new battery pack, it was therefore decided to increase the available
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energy, using a 7p108s configuration with 18,650 cylindrical cells, which allows
reaching the 450 V maximum voltage (inverter limit). In the chosen configura-
tion, the battery pack would have nominal energy of 7.9 kWh and a maximum of
9.2 kWh, obtaining a good safety margin to fully exploit the potential of the trac-
tion system. With the new battery pack, it will be possible to obtain new impor-
tant data on the real consumption of the car, in a complete Endurance course
and confirm or correct the results obtained in the tests described and discussed

here.
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