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Abstract. Electric vehicles comprise an alternative solution for transportation in urban centers, with the advantages in
reducing carbon emissions and improving air quality of cities. This fact challenges the engineering design when it must be
obtained trade off solutions and substitution of ICE (Internal Combustion Engine) vehicles of a certain design category.
To explore these challenges, it was made a preliminary design process of a 3 hp powertrain of 4 x 555 W dc motors vehicle
to obtain guidelines to cope with or surpass the advantages of an ICE drift buggy vehicle. Changings were considered on
the powertrain system and on the material structure, from steel alloy in the ICE vehicle to aluminum alloy in the electrical
one. The Simulink software (MathWorks® ) was used for simulation of general behavior of vehicular dynamics of both
vehicle types. The analyses showed the importance of considering some design aspects as overall weight reduction, a
four-speed transmission to improve performance for electrical vehicles and the problem of batteries specification and
quantity. The results showed similar simulated performances for both vehicle types in terms of maximum speed and drive
distance range, while the drawbacks were set on the acceleration time to reach the maximum speed.
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1. INTRODUCTION

Since the recent decades, researchers and companies have been keen on developing the technology of Hybrid Electric
Vehicles (HEVs) and Purely Electric Vehicles (PEVs), due to a growing concern about environment, which caused more
rigorous emission and fuel efficiency standards for vehicles (Ehsani et al., 2010). In a multidisciplinary project, modelling
and simulation of the studied system are important tools that allow for engineers to save time and resources (Bazzo and
Pereira, 2003). Given that, one can highlight that mathematical modelling, where the system is represented by using
differential equations, and computacional simulation, where those equations are calculated by a software, are widely used
for improving vehicle design.

PEVs Tesla Roadster® and Nissan Leaf® simulated using EXCEL® by Hayes et al. (2011), showing good correlation
of range and efficiency with published data, while the HEV Toyota Prius® was simulated in Simulink, from MATLAB®,
by Sefik and Hiyama (2011). Simulink software was also used to simulate a PEV with batteries as power source in
Guazzelli et al. (2013), where the authors avaliated the use of a manual transmission, and in Njoya et al. (2009), which
simulated a vehicle with fuel cells.

This study aims to use modelling and simulation for improving electric conversion of a drift buggy powered by a 4.8 hp
Internal Combustion Engine (ICE). Original vehicle will be simulated (considering the ICE), and an electric version will be
proposed, with structural modifications in the buggy for reducing the vehicle nominal power, but maintaining mechanical
performance specifications: maximum speed and driving range, that is 60 km/h and 72 km, according the manufacturer
(DROPBOARDS, 2014), as well the acceleration time, that will be determined through simulation. Simulink software
will be used for simulation of original ICE vehicle and proposed electric vehicle.

2. METHODS

A vehicle have propulsion and load systems, which should be considered for simulation. Regarding the ICE vehicle,
three systems where modelled, as seen in Fig. 1 (a). The ICE drives the vehicle, the transmission delivers energy from
ICE to the wheels and vehicular dynamics contains the opposing forces to moviment. The PEV also requires the same
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load models, and new propulsion models: the power source, power electronics and electric motor, according to Fig. 1 (b).

Propulsion Load Electric Propulsion Load
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ez : :Transm|55|on Dynamics Source Electronics Motor ::Transm|55|on Dynamics
(a) ICE vehicle systems modelled (b) PEV systems modelled

Figure 1. Original and converted vehicle systems considered for simulation

2.1 Original ICE Vehicle

It is considered that a generic ICE engine behaves according to a classical relation among available torque Tjc. (wice )s

power P(wc.) and angular speed w;e, as in Eq. (1):
P Wice
Tice (wice) = g (])
Wice

For the case of the power, an analytical model is expressed in The Mathworks, Inc. (2015) as a product of a scale
factor P,,4, (ICE maximum output power value) by an adimensional function p(w), where w is the normalized factor
given by w = “i==, and () is the angular speed at which the ICE delivers maximum power. The function p(w) is typically
a third-order polynomial form for generic combustion engines, such that:

P(wice) = Pmar : p(w) = Pmafc [w(pl +p2w - p3w2ﬂ (2)

The polynom p(w) has three zeros, one at w = 0 and two others, from which one has physical meaning. By composing
these above mentioned restrictions, one obtains from Eq. (1) and Eq. (2):

5D Pmax
Qo

where it was imposed a throttle factor § p, ranging from 0 to 1. For generic gasoline engines, the p1,ps and p3 coefficients
are equal to 1. The drift buggy uses a 160 cc ICE with maximum power of 4.8 hp at 3600 rpm, and maximum angular
speed of 5500 rpm (the torque is null above this value).

The transmission is coupled to the engine, increasing torque delivery from the ICE axle (T;.. = T;,) to the wheels
axle (T,y+), as in Eq. (4), considering a system efficiency of np and an increase ratio of ¢, which is the relation of angular
speeds in both axles of the transmission. Ratio i is constant in a simple gear, as the one in the drift buggy. Thus, a
transmission with 7 = 4.8 and assumed efficiency of 90% was simulated.

Tice(w) = - (p1 + pow — psw?) (3)

Tout n i n Win
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Modelling of the forces acting during moviment is made by Eq. (5), originated from second law of Newton (Ehsani
et al., 2010), where the vehicle acceleration (dVx /dt) depends of the sum of forces moving the vehicle (F;) and resisting
the moviment (F}.). Parameter M is the vehicle mass and ¢ is an adimensional factor for considering the effect of rotatives
inertias of the system in the linear moviment.

AVx S F -3 F,
dt oM

Three resisting forces were considered: aerodynamic, rolling and gravitacional resistances, each one a part of the right
term of Eq. (6). First part is acrodynamic force, originated from air external flow around the vehicle, varying with the
square of vehicle speed, where A is the frontal area, Cp is the aerodynamic drag coefficient, and p is the air density.

®)

ZFT = %pCDAF-V)% + Mgf, - cos(B) + Mg - sen(3) (6)

Rolling resistance is the second part and it models the effect produced by tires deformation. It depends of vehicle
weight force (M g), the rolling coefficient f,. and the road slope angle (5. Finally, gravitacional force is modelled by the
last part of Eq. (6), and is the projection of weight force on the longitudinal axis. This effect becomes a traction force
during downhill.

The torque 7, applied in the wheels results in the main traction force F , as seen in Eq. (7), where Rp is the wheel
radius. According to Ehsani ef al. (2010), this force is limited during acceleration and braking, depending also on the
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following vehicle dimensions: Center of Gravity (CG) height h¢, distance L between axles, CG distance to front axle
L 4, road and tyre p friction coefficient. The limits are calculated as in Eq. (8).

. Tour
Y F=Fr= = (7)
My 005(5)[LLA — fr(hg — Rp)] < Fp< pMgcos(B)[La — fr(he — Rp)] )
+ phe L — phg

Simulation uses parameters from Tab. 1 about the vehicular dynamics. Aerodynamic and rolling resistance coefficient
were considered as in Ehsani et al. (2010), while friction coefficient as in Canale (1989). In addition, vehicle total mass
is assumed as the sum of several components.

Table 1. Parameters used for simulation of ICE drift buggy vehicular dynamics.

Parameter Value Parameter Value
ICE mass (kg) 15.0 Aerodynamic drag 0.70
Fuel mass (kg) 3.6 Wheel radius (m) 0.15

Driver mass (kg) 80.0 Rolling resistance coefficient 0.013
Structure mass (kg) | 60.0 Friction coefficient 0.80
Total mass (kg) 158.6 Distance between axles (m) 1.10
Inertia factor 1.1 Distance from CG to front axle (m) | 0.77
Frontal area (m?) 0.65 CG height (m) 0.20

All the models are simulated together as in Fig. 2. ICE model produces a torque 7'in, modulated by dp (representing
the driver) and applied to input axle of transmission model, that applies a torque T, in the vehicular dynamics model.
This model calculates the vehicle speed Vx, as well the wheels angular speed w,,;. The program finally calculates the
angular speed of the input axle, feeding the ICE model and closing the simulation loop.
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Vehicle with
Rear Traction

(o ==

Driver ICE Transmission

(Chain)
Figure 2. Complete model for ICE vehicle simulation

2.2 Proposed Electric Vehicle

A battery bank with 284 lithium cell batteries (41 branches with 7 batteries each) was considered using the model
of Tremblay and Dessaint (2009), where battery is modelled as a voltage source dependent of the drained current. The
battery bank data is presented in Tab. 2.

Table 2. Battery bank parameters used in simulation.

Parameter (single battery) | Value | Parameter (battery bank) | Value
Nominal voltage (V) 3.7 Nominal voltage (V) 25.9
Nominal charge (Ah) 2.2 Nominal charge (Ah) 90.2

Mass (kg) 0.051 Mass (kg) 14.6

Power electronics delivers energy from batteries to the motors. Pulse Width Modulation (PWM) is used in practice
for drive the motors with a variable voltage. In this study an average value converter was modelled, producing the
same mechanical performance, but allowing a faster simulation. The output voltage of the converter is given by Eq. (9),
where d¢ is the converter ratio, and the current driven from batteries is calculated by Eq. (10), considering /N, motors, an
efficiency 7¢, assumed as 90%. The current provided has the same average profile of the one considering PWM switching,
but without the ripple.

Vu =dc - Vear )
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Ipar = Yuoclu (10)
Ul
Motor transforms electric energy into mechanical moviment, at angular speed wjs. The permanent magnet DC motor
was considered, using its dynamic model (Fitzgerald et al., 2006). Armature current 7 4 behaves according to Eq. (11),
where R4 and L 4 are armature resistance and indutance, and E is the counter-electromotive force, calculated in Eq. (12),
depending on rotor angular speed wj, and the voltage constant K g.

dig 1 .
E—E(VM—RAZA—E) (11
E = Kgwy (12)

On the other hand, i 4 produces an electromagnetic torque Tz according to Eq. (13), where K1 is the torque constant,
numerically equal to the voltage constant. Equation (14) then determines the torque T}, effectively produced in the motor
axle, considering mechanical losses, where J is the motor inertia, B is the viscous friction coeffcient and F is the Coulomb
friction torque.

T = Kria (13)

d
Ty = Ny (TE - J% — By — F) (14)

Four 555 W electric motors with nominal angular speed of 3300 rpm and nominal current of 32 A each are considered
for the drift buggy. Experimental tests obtained the parameters of Tab. 3, used in simulation.

Table 3. Electric motor obtained parameters for simulation.

Parameter Value Parameter Value
Armature resistance (£2) 0.126 Inertia (km.m?) 0.00012493
Armature inductance (H) | 0.00007265 | Viscous friction coefficient (Nm.s/rad) 0.075229
Voltage constant (V.s/rad) 0.05915 Coulomb friction torque (Nm) 0.0015

A control strategy is necessary to keep electric motor current under the nominal value (32 A). The strategy acts
modifying converter ratio, controlling the angular speed and electric current. A cascaded topology was used, according
to Castrucci et al. (2011), using two Proporcional-Integral controllers (PI), as can be seen in Fig. 3. The angular speed
control loop has angular speed reference as input (the driver comand), as well the measured motor angular speed. Current
reference is the output of this loop, feeding the current control loop, that determines the required ratio to the converter
(value limited between 0 and 1). Both measured angular speed and current were normalized by nominal values (3300 rpm
and 32 A, respectively).

5 K 1 .
D H
w 1 PI 1 PI 751——2(:
- 3300 —P 0
I, : ,I| Speed Current
- |32 5

Control Loops
Figure 3. Control loops developed for the PEV

The complete PEV model can be seen in Fig. 4. As in the ICE model, it is a loop calculation. The driver provides a
reference for the control loops, that calculates the converter ratio d. The batteries voltage is modulated and applied in the
motor, that produces torque, simulating the vehicle as the ICE one. Addicionally, the motor model calculates the drained
current, which causes a drained current in the batteries, closing the electrical loop as well.

The same models of transmission and vehicular dynamics were used for the PEV. However, some parameters were
changed in order to improve PEV performance. Since the electric motor has a lower nominal angular speed, transmission
ratio ¢ must be lower. Regarding the vehicle structure, one can reduce its weight by changing its material specification.
Aluminum alloy has a density almost three times lower than steel (used in the drift buggy), so a structure with half of
original mass was considered to permit some weight reduction and some design adjustments in order to fulfil the mechan-
ical needs of stiffness and resistance. The calculation of total mass also changes, considering batteries and electronics.
Table 4 resumes applied modifications .
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Figure 4. Complete model for PEV simulation

Table 4. Modifications in load models for PEV simulation.

Parameter Value Parameter Value

Mass of four motors (kg) 13.6 | Aluminium structure mass (kg) | 30.0

Batteries mass (kg) 14.6 New total mass (kg) 139.2
Power electronics mass (kg) 1.0 Transmission ratio i 3.1

According to Guazzelli et al. (2013), is possible to improve vehcile performance by adding transmission stages in the
gearbox, compared to a single speed transmission. Therefore, a four-speed transmission were also considered. The ¢ ratio
used in Eq. (4) can assume four values, instead of one, according a lookup table function of vehicle speed, as can be seen
in the model of Fig. 5, which replaces the single speed transmission model used in Fig 4. Table 5 shows the ratios used,
as well the speeds where each change of ratio occurs and the adicional mass considered for the transmission.
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Figure 5. Model of four-speed transmission

Table 5. Parameters for the four-speed transmission.

Parameter Value Parameter Value
Ratios 7.5/4.8/3.9/3.1 | Speeds for change (km/h) | 22/36/45
Transmission mass budget (kg) 10.0 New total mass (kg) 149.2

2.3 Calculation of Driving Range

The PEV dynamic simulation provides its acceleration time (by analysing the speed profile), as well the maximum
speed. For obtaining the driving range, the profiles of vehicle speed and batteries current were postprocessed. Assuming a
simulation time T;,,, current profile ip,:(t) with final current I and speed profile vx (¢) with final speed Vx,,, Eq. (15)
obtains the vehicle duration time 7', in seconds, used in Eq. (16) for calculation of the driving range S in meters. Batteries
nominal charge Qp,+ is given in Ah. The numerical integrals were calculated using the trapezoidal method.

1 Tsim
Tp=— (3600Qm - / iB(t>dt> + Toim (15)
0

F

Tsim
S = (TD — Tsim) VXF +/ Ux(t)dt (16)
0
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3. RESULTS AND DISCUSSIONS

The ICE vehicle (ICEV), PEV with single speed transmission (PEV 1s) and PEV with four-speed transmission (PEV4s)
were simulated in Simulink with T;,,, = 40 s on a flat road (8 = 0°), using fixed step size of 1 ms, and the ode3 solver
of MATLAB® (Bogacki-Shampine integration method).

The rotor and vehicle speeds obtained in the simulations are presented in Fig 6. Figure 6 (a) shows that ICE reached
5200 rpm, near its maximum speed, while the electric motors reached their nominal speed of 3300 rpm. The four speed
transmission allowed the electric motor to operate closer to its nominal speed during acceleration. Given the different ratio
transmissions, the three vehicles reached almost the same speed, as seen in Fig. 6 (b). Regarding the acceleration time,
the ICE vehicle presented a better performance, and the PEV with four-speed transmission had a improved performance
compared to the single speed one.
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Figure 6. Mechanical performances obtained in simulations

Regarding the PEVs simulated, Fig. 7 (a) shows that motors currents were limited by the controllers under 32 A
during the acceleration. Calculation of driving range uses the batteries current profile, showed in Fig. 7 (b). PEV with
single speed transmission presents a current peak at the end of acceleration, and a stationary lower value at the end. The
PEV with four-speed transmission also presents current peaks at each ratio change, however, the lower stationary value is
reached earlier.
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Figure 7. Currents profiles obtained in PEVs simulations

Table 6 summarizes the analysed performances. It can be seen that analysed PEVs were able to perform similar max-
imum speed and driving range, when compared to the original ICE vehicle. ICE vehicle developed a higher acceleration,
because of the powertrain with higher power (4.8 hp, against less than 3 hp), but the new four-speed transmission con-
sidered was able to improve PEV performance, showing one alternative to enhance performance without increase of the
powertrain nominal power.
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Table 6. Performance parameters of simulated vehicles.

Parameter ICEV | PEVis | PEV4s
Maximum speed (km/h) | 61.2 60.2 60.2
Driving range (km) 72.0 73.1 72.7
Acceleration time (s) 17.1 30.9 26.5

4. CONCLUSIONS

Simulation of an ICE vehicle and two PEVs in Simulink showed that ICE parameters were equivalent to manufacturer
data, while the proposed PEV with fixed speed transmission performed the same maximum speed and driving range, but
with a larger acceleration time, due to the lower nominal power used. The use of a transmission with four gears was
proposed, improving the PEV acceleration time, showing that mechanical changes in the project can help to compensate
the power difference between ICE vehicle and PEV. The replacement of steel structure for a aluminium one is also a
possibility to increase performance.

In future works, results obtained in simulations must be verified by experimental tests performed in the drift buggy
after the powertrain conversion. In addition, one can highlight the optimization of transmission ratios, improving the PEV
performance, and also the use of a continuously variable transmission, obtaining an optimized function for the ratio ¢. The
present methodology of modelling and simulation can also be extended for use in others PEV projects.
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