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Abstract Electric vehicles offer an alternative to hybrid and conventional
vehicles through the use of electcric drive without fossil fuel consumption. This
shifts green house gas production from the vehicle to power stations, but if power
is supplied from renewable sources, such as wind power, zero emissions are
generated.  Practical vehicle design requires the consieration of competing
demands of vehicle acceleration and performance against range and vehicle
efficiency.  Thus, considering requirements such as grade climbing and
acceleration against vehicle range and power consumption, a two speed
transmission is suggested for this vehicle study to increase motor operation at high
torque and efficiency regions. To evaluate the application of such a transmission,
a two speed electric vehicle powertrain is developed in Simulink®. Simulations
are conducted to demonstrate the performance of the two speed electric vehicle.
Results reveal the capability of the two speed vehicle to meet various performance
criteria and provide an indication of effective range under different drive cycles.

1. Introduction

Pure electric vehicles (EV) have become an alternative to hybrid electric vehicles
and conventional passenger vehicles as they produce zero emissions on the road.
Such vehicles rely on significantly higher energy in battery cells compared to the
hybrid equivalent to produce reasonable vehicle range. For example the 1100kg
iIMIEV compact EV has arrange of 130km on 16kWh (Kamachi, Miyamoto, &
Sano 2010), whereas the all electric range of the Chervrolet Volt, weighing in at
1715Kg is less than half that at 60km (Brooke 2011), though the overall range is
closer to 500km. To therefore provide a reasonable range capability for a full
sized EV sedan, evaluation of performance capabilities against design range is re-
quired to ensure correct size of batteries, motor and reduction ratio in the vehicle.



Vehicle drive cycles are frequently used to evaluate vehicle range under “nor-
mal” driving conditions, generally defined as either highway or urban drive cy-
cles. Examples include Abdul Rahman, Zhang, & Zhu (2008), studying energy
management for series-parallel HEVs with a planetary transmission. Driving sim-
ulations are then used to evaluate energy management, storage, and fuel consump-
tion. For EVs energy management is reduced to acceleration and braking re-
quirements, reducing complexity, however the energy storage system becomes
critical to the vehicle. While there is a push to super-capacitors, electric vehicles
rely on large battery modules to achieve range (Jinnui, Zhifu, & Qinglian 2006).

The application of multispeed transmissions for EVs has the potential to im-
prove average motor efficiency and hence range, or even reduce the required mo-
tor size. There is a range of transmissions available for application to EVs for
multispeed drives, in Rudolph, et al, (2007) it is suggested that DCTs have higher
efficiency than other automatic drives, making them particularly suitable.

This paper presents a systematic model of a two speed EV for evaluation of ve-
hicle range and performance with an integrated two speed transmission. In the
following sections are divided into EV powertrain model development in Section
2, including electric machine, battery, transmission, vehicle, and driver models.
This is followed by vehicle performance evaluation and range simulations using
two drive cycles. Finally, conclusions are drawn and project direction identified.

2. EV powertrain modelling

The main components of the electric vehicle power train that are considered for
modeling are as follows:

electric machine
battery pack
transmission and vehicle
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e Driver model.

2.1 Electric Machine Model

Electric machines (EM) in electric vehicles have a dual role, providing driving
torque to the vehicle and recovering energy during braking events. However, EM
are frequently designed to provide higher efficiency as either a motor or generator.
This leads to limitations in implementing the EM as a generator. It is modelled
using look up tables to define motor efficiency as a function of speed and input
power, while the actual output torque is defined from the input power and motor
speed, limited by the rated motor torque. When acting as a generator it is assumed



that only 30% of the generated power can be used to charge the battery, and for a
vehicle speed under 15kph the generator is ineffective and dissabled, friction
brakes are then only used for braking. From energy conservation, electric
machine torque is:
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2.2 Battery model

The battery model is based on lithium-ion batteries using interpolation to evaluate
battery characteristics, similar to the model described in Abdul Rahman, Zhang, &
Zhu (2008). Requirements are to determine cell characteristics (Rjnt and Voc) as a
function of temperature and SOC, and calculate the output voltage, battery
temperature and change of SOC, all based on the input current to the battery. The
output voltage of the battery during charge or discharge is:

Vour =Voc = R x|

Maximum capacity is determined from the battery temperature (CAPyax), and
used capacity (CAPysep) from the initial conditions and supply/demand from the
motor/generator. The absolute state of charge (SOCags)is defined as:

CAP,,,x —CAP s
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2.3 Transmission and vehicle models

The purpose of vehicle transmissions is to provide maximum vehicle performance
and efficiency using many ratios. For an EV the transmission is based on a DCT
with only two gears, with shifting controlled using a shift map designed to pro-
mote the operation of the EM in the higher efficiency region. Detailed ratio de-
sign is available in Lechner & Naunheimer (1999) for grade and speed require-
ments. Here maximum grade climbing is used to evaluate lowest possible ratio,
while top speed and driving torque are used to limit the top gear ratio.

The vehicle model takes all the input torques, calculates vehicle acceleration
and performs numerical integration to determine vehicle speed. Inputs are



supplied motor torque, Tgy, brake torque, Tg, and vehicle resistance torque, Ty,
and the output is vehicle acceleration. Equation of motion for the vehicle is:

m, rtza =Ner Tem =Ty —Tg

The vehicle resistance torque is the combination of rolling resistance force,
incline load and air drag. It is defined as:

T, =(CRm\,gcos¢+m\,gsin¢+0.5CDpA,aﬁr,2)

2.4 Driver model

The vehicle driver is modeled using a PID controller, where the difference be-
tween demanded drive cycle speed and actual vehicle speed is the input error. The
PID output is demand power to drive the vehicle, where a positive signal is con-
sidered the power demand required for vehicle acceleration, and a negative de-
mand is the power required for braking.

3 Simulations and analysis

The purpose of performing simulations is to provide a demonstration of the per-
formance capabilities of the proposed vehicle.  Simulations are conducted to
evaluate the driving criteria of range under one highway and one urban style drive
cycle, acceleration, overtaking acceleration, and grade climbing. The vehicle
specifications are summarized in Table 1.

Table1 Vehicle parameters

Parameter Parameter
Mass 1760 kg | Battery Layout 1P120S
Wheel radius 0.266 m | Battery Voltage 384V
Frontal area 2.2 m° | Battery Capacity 66 Ah
Rolling resistance 0.016 | Gear ratios 8.68, 5.7
Motor torgue 255 Nm @ 3000 RPM (peak) 127 Nm @ 9000 RPM

The first cycle is a highway style drive, known as Highway Fuel Economy Test
(HWFET), with repeated long high speed cycles to simulate highway driving. The
second cycle is Urban Dynamometer Driving Schedule (UDDS), designed to sim-
ulate city driving with repeated stop starts.



The modeled vehicle is capable of 0-100kph in 13.7s, overtaking acceleration
of 50-80 kph in 4.7s, and grade climbing of over 30%. Figure 1 below shows ve-
hicle response to HWFET drive cycle, while Figure 2 shows the vehicle response
to a UDDS cycle. A single cycle vehicle speed is shown in (a), while (b) shows
the gear ratio changes for both figures. The vehicle range with the HWFET drive
cycle is 141.2 km, equivalent to approximately 1.8 hours running time, a short but
reasonable distance for an EV. By comparison the vehicle range under the UDDS
cycle, Figure 2, is 128.2 km, a total drive time of about 4 hours. The longer range
using HWFET is realized by the vehicle running continuously at a relatively stable
speed with low torque demand. The UDDS cycle range is extended by frequent
application of regenerative braking.
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Fig. 1 Simulation results for HWFET cycle (a) drive cycle and (b) gear ratio.
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Fig. 2  Simulation results for UDDS cycle (a) drive cycle and (b) gear ratio.

Results in Figure 3 demonstrate the operating locus of the electric machine for
both drive cycles. The results using only first gear demonstrate operation at high-
er speeds, with low efficiency. However, the employment of a two speed trans-
mission shows improved efficiency by reducing operation in low efficiency zones.
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Fig. 3 Motor torque-speed traces for (a) UDDS cycle and (b) HWFET cycle.

4  Conclusion

This paper presented a compact model of a two speed electric vehicle to be used
for performance evaluation in the Matlab/Simulink® environment. Simulations
were conducted to evaluate performance specifications and range simulations.
The results demonstrate that the larger vehicle is capable of meeting several per-
formance criteria for acceleration and grade climbing, and provides a reasonable
range for a large EV. Continued research for this project will focus on component
optimization, shift dynamics, and significant experimental validation.
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