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Abstract

Electric vehicles (EVs) have gained the attention of many authorities, automakers and researchers due
to their considerable energy saving and emission reduction. One of the main issues that must be considered
in design of a road vehicle is thelmadation of aerodynamic forces. This issue also must be scrutinized in
the design of EVs. Installation of rear spoiler is one of the solutions proposed for reduction of aerodynamic
drag in racing cars and consequently increasing their maximum speedtuihidocuses on the effects of
installing a rear spoiler on an EV. The vehicle's drag and lift coefficients are determined by solving a 3D
steadystate incompressible solution of Navigtokes equations with computational fluid dynamic (CFD)
analysis in ASYS FLUENT. In order to verify the effects of installing a rear spoiler on an EV, all the
components were modelled in MATLAB /SIMULINK also, practical tests were performed to confirm and
verify the simulation results. The results show that installingaaggoiler on an EV, not only improves the
aerodynamic characteristics of vehicle but also improves operating efficiency of electric motor and some
operational aspects of batteries. In addition, it is shown that an EV with a rear spoiler is able todravel
in comparison with an EV without rear spoiler.

Keywords Electric Vehicle; Rear Spoiler; Aerodynamic Forces; Energy Efficiency.

1. Introduction proposed for this purpose. It is relatively inexpensive,
easy to install and aesthetically appealing.

Cars with Internal Combustion Engine (ICE) are Furthermore, it can reduce the lift and drag
the major sources of urban pollution. In addition, theycoefficients and increase the energy efficiency
are extremely inefficient in utilizing the energy of Significantly for most of the passenger vehicle]2
fossil fuel. Hence, the problems associated with ICEIN addition, a better traction, turning, acceleration and
automobiles include environmental, economica, bPrake performance can be achieved by installing the
well as political issues [1]. These concerns have€ar spoiler. It must be noted that installation of rear
forced governments all over the world to considerspoiler might make the aerodynamics of a vehicle
alternative vehicle concepts. The EV was conceivedVorsé in case of not considering s¢gn and
in the middle of previous century as the mostaerodynamics rules.
promising solution for reducing the emission while ~ Even though the rear spoiler plays a relatively
increasing the efficiency. EVs have been widely important role in aerodynamics of vehicles, there are
studied and major improvements have been achieve@nly limited numbers of reported studies in which
during the last decade. More recent works have beeRoth the computational analysis and experimental
focused on energy storage systems (ESS) and pOW@palysis have been provileln addition, all of them
electronic devices. have only focused on ICE or pure fuel cell vehicles.

Vehicle aerodynamics plays a significamle in ~ These studies deal with different types of vehicles
the design, safety and efficiency of all vehicles. Anyranging from small minvans to modified race cars.
improvement in aerodynamic characteristics canlmproving  aerodynamic  and  aeagoustic
result in significant changes in driving stability, characteristics, preventing eaist smoke patterns
handling, energy consumption and overall efficiency@nd even reducing the snow accumulating on the rear
of vehicle. Rear spoiler is one of thlutions
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surface of the vehicle are some outcomes of rear The numerical solution of any fluid flow problem
spoiler reported in these researches [6, 7]. requires the solution of the general equations of fluid
Zake in [2] investigated the effects of rear spoilermotion, the NiverStocks and the continuity
on car aerodynamics drag and stapilitHis equations. Fluid flow mblems are described
researches showed that the rear spoiler can reduce theathematically by equations (1) to (3) which are a set
drag by creating high pressure at the back of vehicleof coupled nofinear partial differential equations
In order to enhance the efficiency of vehicle, authorswith appropriate  boundary conditions. These
in [3] used rear spoiler for decreasingthedragandlife quat i ons are derived from Ne
forces and increasing therosswind stability of the and describe the conservation of mentum in the
vehicle. In [4], two different types of simulations flow [18].
were made on the flow around a simplified high speed The general from of the three dimensional
passenger car with and without a reppiler. Results incompressible instantaneous Nav&iokes
showed that a mild reduction of the vehicle equations in Cartesian tensor from are as follow:
aerodynamics drag leadso less vehicle fuel 6 OGOQa QD QD @¢ ¢

consumption on the road. According to numerical WEEVLQOROHE

simulations in [5], the aerodynamic drag and lift on a ni Qi "D iw@WQQE

low mass vehicle moving at 30 m/s reduce more than QUG Qi G i Q¢

5 % with installation of proposed spoiler. WEQHE T OQ
Takemori et al. in [8] performed wakeontrol Therefore:

experiments for a blufbased budike body model by 1 » ¢4 T 7006 10

installing air guide vanes at the based rear and corne.:T 3 T o o

in order to reduce the aerodynamic drag. Authors in , ,

[9] showed that the aerodynamic drag of the T 1o To (2)

commercial bus can be reduced by 16% wih use T To To

of a rear spoiler. The authors used FLUENT as the "Ch "AQ plgton

CFD solver with kU model . Mas on eAnd the continuityrequdtidnO ]

performed wind tunnel test to investigate the effectof " T © 0

fairings on drag forces. The effects of air deflector inf o T 3)

trucks have been also investigatgdFujimoto et al. ple fon

in [11]. Garry in [12] performed experiments on the  |n order to consider the turbulence effect on the
containermounted  devices for reducing the flow field, Reynolds time averaging technique was
aerodynamic drag of commercial vehicles. Inemployed on the NavieBtokes equation to yield the
addition, many authors have used CFD techniques forReynolds averaged Navi@tokes equation. The
numerical simulations of automobile [l1B7]. Q - model is the most common model used in CFD
So, it seems that there is no reported research ofp simulate mean flow characteristics in turbulent
analyzing the effects of installing rear spoilers onflow conditions. The turbulence model used in this
EVs. The performance aspects that need to bqrk is the standarz - turbulence model because
investigated include items such as traveling distancgy jig good prediction of complex flows [19]. The
or electrical range, battery usage, battery health andigndard™@ - model has two model transport
overall EV efficiency and performance. The Curre”tequations; one for the turbulent kinetic energy of the

study aims at presenting the effects of rear spoilef | 4 \y K and one for the dissi
installation on an EV through simulations andg\yes are used to defitiee velocity scale and length
practical tests. scale at any given point and time in the flow field,

The remainder of this paper has been organized
follows: The physical description andumerical
modeling are discussed in section 2. In section 3, the Velocity scale:7 'Q 4
EV is modeled. The performances of EV with spoiler )
and without spoiler are compared and discussed Length scale: & _ 5)
through simulations in section 4. Practical tests are
presented in section 5. Finally, condilng remarks
are presented in sectién

arsepresentative of large scale turbulence

Eddy viscosity can be specified fafiows:
‘ 688 "6 Qr (6)
Inserting the Boussinesq hypothesis into the

2. Governing equations and turbulent momentum equation yields [20]

modeling
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convention as follows:

Turbulent kingtic energy:

1R, 1 Te

To Tw T
! T o (8)
o Tfe "W
pltfo
Dissipation rate:
T L
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r .
o 9)
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(10)
YQhE HORROE |

1 S@MOi ¢ EQQVRPOMEQ Q (1)

oy To 16 1

The coefficients of model are modified based on

[21] such thafy p& 1o pgo @), pdh,
After 3500 iterations done iIANSYS FLUENT,

pl5 18t w These default values have been
determined from eperiments with water and air for
including
homogeneous shear flows and decaying isotropic grid

fundamental turbulent shear flows

turbulence.

A 3D steady state, incompressible solution of the
NavierStokes equations was performed using
ANSYS FLUENT® in oreér to determine the
model equation is given in Einstein summationvehicle's drag and lift coefficients. Turbulence
modeling was done with the realizableUk mo d e |
using non equilibrium wall functions. Results for a
vehicle with spoiler and without spoiler were obtained
with the same meshing resolut® (see appendix I),
the same k 1TU turbulence
boundary conditions. The free stream velocity was set

to be 25m/s.

In order to study the effect of spoiler installation
on aerodynamics, drag and lift coefficients of a
vehicle, one spter modeled as shown in Figs. 1 and
2. It also was analyzed in XFLR5 software. This

spoiler has 4.6 ft. length and 1.2 ft. width.

The pressures around the vehicle without spoiler
and with spoiler are shown in Figs. 3 ahdlhere are
two additional contributions to the total pressure force
on the vehicle with the spoiler when compared with
that on the vehicle without the spoiler. The first
contribution is made by the net pressure force on the

spoiler which is the major ctnibution to the lift

reduction, and the second contribution is due to the
increase in pressure on the back surface of the vehicle
due to the diffuser effect of the spoiler which is the
reduction

major cortribution to the drag

coefficient decreased from 0.008 10.036. Fig. 5
the drag coefficient without the spoiler was calculatedshows drag and lift coefficién with and without

to be 0.404. When the spoiler was added, the dragpoiler.

coefficient decreased to 0.378. In addition, the lift
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Fig. 3. Pressure around the vehicle without the spoiler
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Fig.5. (a) Drag coefficient with and without rear spoiler, (b) Lift coefficient with and without rear spoiler
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Fig 6. Electric vehicle model in SIMULINK

3. System configuration

dynamics were modeled as shown in Fig.6. The
requested speed given by accelerator pedal position is
In order to determine the effects of rear spoiler onthe input of the system while the motor torque and
the performance of EV, necessary blocks includingspeed are the outputs of the system. In the following,
driveline, controller, electric motor, energy storageeach block is explained in more detailable |
system (battery, DC/DC converter, etc.) and vehicleprovides specifications of thelectric vehicle Wwich
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was used in simulations [22]. This vehicle has beer(see Fig. 7).
built by our team and currently is under development
Fig. 7. Proposed EV
Table |. Specifications of the electric vehicle
Total weight 450 kg
Vehicle length 41004 &
Vehicle width 17004 &
Vehicle height 14004 &
Centre of mass height from ground 0.45¢4
Horizontal distance of center of mass from front axle 1.354
Horizontal distance of center of mass from rear axle 1.254
Coefficientof rolling resistance 0.011
- 0.378 (with spoiler)
Drag coefficient 0.404 (without spoiler)
. . -0.036 (with spoiler)
Lift coefficient 0.008 (without spoiler)
Frontal area 274
Rolling radius of tire 0.32&
Final drive ratio 521
Transmissiorefficiency 96% (assumed constant through all gears,
Inertia of electric engine 03108
Inertia of wheel and axle 12708
Battery max discharge current 150 Amps
Supercapacitor max discharge current 200 Amps
3.1 Vehicle dynamics and Motion Equations Where:
O 0 & (14)
The traction force of a vehicle, can be described byO 0 8®OE T (15)
following equatios [23]: O b s@ATIOf Q@S - 0mi Q6 4
0 p MTOPW P T
0¢ Qi "REAGER Oi G QO e RO & . o
YE o d @I ©EEHERYMATe O w8 DHsw 17)
5Qi ¢ Q6Ed G @@ QM Qi (‘)&%l‘saw . i“ifé
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o Paoe®se o as s features from the acquired data. Offline methods
C ) ] usually given proper estimation of battery SOC,
Fig. 8 shows the forces acting on a vehicle however tley are time consuming, expensive and also
Longitudinal and lateral velocities and yaw rate jnterrupt battery operation. Therefore, researchers are
are given by the following equations [24, 25]: generally interested in methods with online estimation
b e 2 o 0 &i 10 of SOC.[SO, 31]. The most common mgthod_ of SOC
v A calculation that also has been selected in this study is
6 0 &EI (19) ' !
i . B Coulombcounting. The equations are as follow.
0 © 0 YO8 YO 6 — S0 During (24)
0 8 o O 0O &OFI Charging
0 0 &i10 (20) Y68 Y66 — $@o6  Durng (25)
° 0 Discharging
i B b O O 4 However, this method needs an accurate
0 . . L measurement of battery current aaldo knowing the
Lo o &Aoo initial value of SOC (SOCO).
L’o O The dynamic model of battery is presented in Fig.
Yo o gijo (@1 10. It should be noted that the battery open circuit
CY voltage and lumped resistandé are strongly
—"0 0 &/l dependent on battery SOC and module temperature.
cy i i According to Fig. 10, current of battery pack is
-0 © calculated as following equation:
Where "O h'0 h"™O h"O h"O h'O h o o by
'O and™O are longitudinal and lateral tire forces. g v (26)
Fig. 9 shows these forces acting on a vehicle. < " .
g ¢ There are a lot of stressful conditions such as high
3.2 Battery Model power draw and severe ripple current in high

acceleration and speed f
issues may lead to thermal runaway of some cells and
ropagation of excessive temperature throughout a
attey pack. The main problem caused by
temperature is decreasing of the battery performance.
Therefore, a thermal management system must
prevent such a propagation. So, it is necessary to
analyze the battery thermal behavior and thermal
management effect. lorder to determine the effect of
Ppoiler on EV battery pack temperature, the lumped
capacitance battery thermal model which initially
eveloped by Steve Burch [32] at National
enewable Energy Laboratory (NREL) has been
used. The governing formulas as epéd in [33] are
as follow. Fig. 11 shows the configuration of battery
Yhermal design and analysis.

Lithium-ion batteries are now generally accepted
as the best choice for energy storage in electri
vehicles. This superiority lies on its better power and
energy density in comparison with leadid or
nickelmetathydride batteries [26]. The battery
model used in this paper is based on a Hpigiver
lithium ion cell [27], which provides high power
density anchigh efficiency.

Battery characteristics are determined by interna
chemical reactions. These reactions are affected b
the ambient temperature, the state of charge (SOC
the chargédischarge rate and chafglischarge
history.  Battery characteristics use substantial
issues in battery management. The batter

characteristics can be modeled as following: v Y
U U0 U0 UVhORY (22) [®) — (27)
The battery energy level is given by (23). ' o o
06 Omnm _0tQt (23) Yo 9w (28)
It is not easy to predict the charge/discharge d)é(T’ 0 w oy
current and SOC variations of battery. The currenfQ v (29)
flowing into the battery is determined based on the T YO
charging voltage and the internal impedance of they -y i “8",0 (30)
battery [28]. As illustrated in [29], SOC can be L 0f
estimaed by offline or online methods. In offine Ns =Y O (31)
methods, the batter_y_ ngeds_ to be charged and, 'O "U 00 32)
discharged in a specific direction in order to extract a 0j
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Fig 12.Configuration of boost regulator

In this study a permanent magnet brushless DC
3.3 DC/DC converter model motor has been selected for moving the EV [35]. The
motor efficiency is a function of motor torquéy
The electric system also contains a DC/DCand speed0 as shown in Fig. 13. Since, the
converter. The role of the DC/DC converter is battery power and motor torque have operational
converting the battery voltage to a peo level in  limits, the final motor torque becomes:
order to be feed to the electric motor. This electric i ETYRAYR1  RY 5 YO QY ¢
motor has been assumed a Brushless DC motory
(BLDC). In this paper a boost converter has been G OYRARYR1T  RY { YO R Q¢
used based on load voltage and impedance matching
requirements (see Fig.12). In a boost converto
output voltage is larger than input voltage and they
are related by the following equation [34].

3.5 Driveline model

The set of transmission elements and the

_P . 33 propulsion unit are referred to as the drivetrain of the
—

o O vehicle. The transmission is a mechanical linkage that

i transmits power between the electric motor shaft and
3.4 Electric motor model

International Journal of Automotive Engineering Vol. 5, Number 4, Dec2015
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the wheels [36, 37]. The drivetrain is also knoas

EV was investigated through simulation in case of an

powertrain of the vehicle. The static models haveUrban Dynamometer Driving Schedule (UDDS) [38].
been used for modeling of driveline componentsFig. 14 shows the UDDS driving cycle.

(equations (35) to (38)). The drivetrain of an EV
consists of the electric motor, gearbox, driveshaft
differential, halfshaft and wheels. In addition, a
discretetime dynamic system was used for gear
shifting sequence.

Y "8y "Q8Y Yy 1 AQ (35)
Y 8Y 8"°Y Y8 8Y Y ] (36)
v W h1 L @37
YU L O 7
-‘Q ’?‘Q p
ph M YQ p
uQ ’G‘QF] p uQ ’G‘Q uY’i‘Q T (38)

—
= x
o]
e}
<
o)

4. Simulation results and discussion

In order to verify the effects of installing a rear

spoiler on an EV, all the components were modeled in

MATLAB /SIMULINK. Then, the performance of

Researches show that in a typical ICE car and at

the speed of 100 km/h, aerodynamic drag force

consumes about 65% of the total energy [39, 40].
Simulations showed that rear spoiler reduced the drag
coefficient about 7% (from0.404 to 0.378). In
addition it led to decreasing the lift coefficient from
0.008 to -0.036. Fig.15 shows the drag powers
obtained at different speeds of UDDS in two cases of
installing rear spoiler and without it. This reduction
definitely results in redttion of energy consumption

in regular vehicles and EVs, but in EVs this reduction
has some more benefits that will be addressed later.

In order to understand the importance of lift
coefficient reduction due to installation of rear spoiler
on EVs, the effects of the lift coefficient on the rolling
resistance and slip angles has been assessed. If the tire
moves with a slip angle, as it iset case any time it
exerts a side forc® (see Fig. 9), a strong increase of
rolling resistance can be expecfdd].
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Fig. 13.Efficiency map of the electric motor
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Fig. 14 Requested vehicle speed in UDDS driving cycle
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According to Fig. 9, the longitudinal slip for front Health Management (PHM) techniques. Any
and rear tires is defined as the relative differencegparameter that changes considerably during operation
between a driven wheel angular velocity and thesuch as internal resistanaedacapacity can be used as

vehicle velocity [42}which can be expressed as: an indicator of battery SOH. Rapid loss of power and
JOY 9O iy o Qi AAAAT AGAOE sudden rise of temperature are some examples of
0 2 Yd) @9  events that reduce the battery life, but engine has to
— 0Y e m ¢ QI HQOEQ produce more power in order to overcome the force of
: air resistance andoosequently more current should
W0 Y ® 0y ofs T OEAAAAL A be drawn from the battery. It is clgar that by. reducing
oY (40) the air resistance and aerodynamic drag, this problem
MY 9y o w 0 b 6O can be solved. Therefore, in order to improve the
V4 w

: : . A performance of the battery module, installing a rear
_According to simulation results shown in Fig. 16, ojjjer isa feasible and perfect solution. Figs. 17 and
installing spoiler reduqes whegl slip of drive wheels.lg apparently show the effect of rear spoiler on
Furthermore, the rolling resisteé decreases and payary current and temperature respectively. The
consequently less energy is being consumed fOfoqction of battery temperature in turn increases the
traction forcel. . . battery life. Furthermore, as illustrated in Fig. 1% t
Another issue that can be investigated afteryigher amount of current drawn from the battery also

installing rear spoiler for an EV is battery health |oaqs to increment in actual power loss in the ESS.
status. Battery health management plays a vital role IR herefore, as can be seen from Fig. 20 the value of

defining the State of éalth (SOH) of battery based goc with and without spoiler at the same amount of
on different aging processes. Rezvanizaniani et al. "E)attery charge are different.

[43] provided a review of battery Prognostics and
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Fig. 16. Wheel slip of drive wheel
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The traveling distances in two cases are als@nvironmental condition. The results reveal that in
different. In order to compatée traveling distance in case of an EV with spoiler the traveling distans
two cases, separate simulations were done in the samelatively more than traveling distance in case of no
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spoiler installed (see Fig. 21). This shows that theelectric vehicle with and without spoiler is obvious (2
spoiler is one of the necessities for maximizing thekm in 32km).
efficiency and distance travelled by EVs. The decrease in current also reduces the power

To further understand the effects of the spailer losses in electric motor and corresponding converters
an electric vehicle mileage, a different driving cycle and drivers. According to Fig. 24 and Fig. 25, by
with higher driving speed, higher acceleration andinstall spoiler, more efficiency can be achieved in
deceleration need to be studied. electric motor of EV.

The Representative Drive Cycle Number 5  As illustrated in equations {3 to (43), the BLDC
(REPO5) was constructed from idleidle segments motor efficiency depends on mechanical power and
of data that contaimehigher portions of speeds and input power.
accelerations than UDDS. This was intended tod  “Y&b (41)
represent aggressive driving behavior. As illustrated) ®w80 (42)
in Fig. 22, this cycle can be split into three sections, .
the first segment has a highway aggressiveness factof QIR
of 0.64 m/s2and this factor for the second segment of Where0 the load ispower on the motor shaft
the cycle is 0.48 m/s2 [38]. The average speed in thignd{ is the input power of the motor.
drive cycle is 62 mplf100 kph), the maximum speed  As shown in Figs. 26 and 27, ESS efficiency and
is 80.3 mph (129 kph), and the maximum acceleratiorg| pC efficiency affected by the aerodynamic effects

rate is 8.5 mph/sec.as illustrated in Fig. 23 for thishecause of variation of available output current from
drive cycle, the difference of transferring mileage of gss,

v 43
v pTT (43)

-
>
o
5]
208
=
i
Sos
w
>
®
S 0.4
s
” . .
& 0.2/--| With spoiler X
2 without spoiler
I}
0 i
0 200 400 600 800 1000 1200 1400

time (s)

Fig 26.ESS efficiency map

1 T
pitt ETPRARE. MG By e o g R ARE Mpcar Al A om o ag g
0.8 e i e ty X;" R A W X@:@« e e Lo S e
2 e B O Iy P
P " 5% x x PR x S EPEE N =,
EOE = T
= 5. .
§ x
%0.4
o
‘E . . * ¥ K M %
& g.ol-| with spoiler X X x
w . . ¥ ;
without spoiler  x
0 i . .
0 200 400 600 800 1000 1200 1400

time (s)

Fig 27.BLDC efficiency map

International Journal of Automotive Engineering Vol. 5, Number4, Dec2015



2047 Evaluating the Importance of Rear Spo#er.

5. Experimental results Hence, experiment on the provided EV has been
conducted in the path shown in Fig. 31 and according
to a specified speed displayed in Fig. 32, Speed is set

In these section practical and experimental resulté‘“tomaF'Ca"y, using Hall effect sensor (Honeywell
of evaluating the effects of installing a rear spoiler onS499A); required force in order to change the angle of

an EV is presented. In this regard, an electric vehicld1@ll effect sensor is supplied by a sewéggital servo
called Yoshitawas designed and manufactured asMotors (ALIGN DS610j); in order to regulate required
shown in Fig. 28. voltage of servo motors, voltage regulators (UBEC)

Driving force of this vehicle is supplied by a 10 &€ employed. In order to implement controller of the

kw brushless electric motor; also, energy storagd’rovided required speed, IC (8255A) is utilized.
system of this vehicle contains a set of sealed acid According to a specified speed apéth, current
batteries (HiCa model) with an output voltage of and voltage of battery are derived as in Figs. 33 and
72volts and also super capacitor modules (Maxweli34 When the proposed methods are/are not employed
model) with an output voltage of 48volts; Energy IN practical test respectively. As it is evident in
storage system of this vehicle is shown in Fig. 29.  figures, output current of battery in two states of
Fig. 30 displays proposed spoiler manufactured a§"€rgygoing out (e.g. &5 second) and energy
a result of this research which is installed on Yoshita€Urning in (€.g. 37@00 seconds) for regenerative
EV. Parameters of presented system are regulate‘&rak'”g case is close enough to the simulated results

according to simulated parameters under the sam¥ith an acceptable accuracy. Battery state of charge
conditions. as a main factor in EVs is also sketched in Figs. 35

In order to investigate the experimental results2Nd 36 in first 400 second sfandard driving cycles
under dynamic loading conditions and to create 4" @ Specified path when proposed methods are/are
proper background to compare experimental resitlt "0t €mployed respectively. As it is apparent by the
is required that the considered EV which is equippediguré, battery state of charge is ascending in
with/without a rear spoiler, become evaluated. ThisParticular moments, this happens when regenerative
experiment should be conducted in a specificoraking occurs. According tché Figs. 35 and 36,

environment considering the standard driving cycle. battery state _of chgrge resulted from the practical test,
guarantees simulation results.

Fig.28 Manufactured EV by authors of this paper
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Fig.33.Battery voltage and current resulted from practical test by installing the rear spoiler

Fig.34.Battery voltage and current resulted from practical test by not installing the rear spoiler

Fig.35.Battery state of charge resulted from practical test by installing the rear spoiler
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