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Abstract: Emissions from the transportation sector due to the consumption of fossil fuels by con-
ventional vehicles have been a major cause of climate change. Hybrid electric vehicles (HEVs) are a
cleaner solution to reduce the emissions caused by transportation, and well-designed HEVs can also
outperform conventional vehicles. This study examines various powertrain configurations and com-
ponents to design a hybrid powertrain that can satisfy the performance criteria given by the EcoCAR
Mobility Challenge competition. These criteria include acceleration, braking, driving range, fuel econ-
omy, and emissions. A total of five different designs were investigated using MATLAB/Simulink
simulations to obtain the necessary performance metrics. Only one powertrain design was found to
satisfy all the performance targets. This design is a P4 hybrid powertrain consisting of a 2.5 L engine
from General Motors, a 150 kW electric motor with an electronic drive unit (EDU) from American
Axle Manufacturing, and a 133 kW battery pack from Hybrid Design Services.

Keywords: hybrid electric vehicles; powertrain design; powertrain configurations; powertrain com-
ponents; fuel economy optimization; vehicle performance optimization

1. Introduction

One of the most significant issues that the world is currently facing is climate change,
which is largely caused by the ever-increasing amount of greenhouse gas (GHG) emis-
sions [1]. The transportation sector accounts for a large portion of GHG emissions.
In Canada, the transportation sector was responsible for 24% of Canada’s GHG emis-
sions in 2016 [2]. Because of this, there have been some efforts from various governments
and the automotive industry to reduce the GHG emissions from vehicles, such as increased
regulations on vehicle emissions standards [3]. The transportation sector has always
been characterized by trends such as new technological developments, government man-
dates, varying regulations, environmental concerns, or changes in the global economic
status [4]. Recent trends show that there has been a gradual decline in the popularity of
fossil-fuel-powered internal combustion engine vehicles (ICEVs), while electric vehicles
(EVs) and other zero-emission vehicles (ZEVs) are becoming increasingly more popular as
alternatives [5,6]. A growing number of federal governments have announced aggressive
timelines for the elimination of ICEVs, leading to a shift of focus toward EVs and battery
technology by global automakers [7]. It was recently reported that the automotive industry
will spend a minimum of $300 billion in the development of EVs over the next 10 years [8].

However, the transition from ICEVs to battery EVs (BEVs) has not been smooth
because the battery technology development is still in its early stages [9]. Hybrid electric
vehicles (HEVs) have proven to be a necessary bridge into the eventual complete BEV
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transition [10]. Advancements in electrified powertrain technology have also helped
decrease the costs of HEVs, leading to their increased prevalence on the road. It was
estimated that HEVs will achieve price parity with ICEVs by 2024 and become cheaper by
2025 [11]. The presence of an engine in HEVs also alleviates the range anxiety concern that
still plagues the BEV segment [12]. Furthermore, with more resources being invested in
EV technology, some of the recent HEVs are showing better performance and lower costs
compared to ICEVs.

The term electrified powertrain is often used to describe several powertrain configura-
tions that utilize electrical energy to produce propulsive torque [13]. Electrification within
vehicles can take place in many different forms, including mild hybrid, strong hybrid,
plug-in hybrid, and full battery EVs [14,15]. (1) Mild hybrid vehicles have the engine as
the primary power source and use an electric motor with a small battery pack to produce
electrical energy, which is used to assist with the engine output [16]. These vehicles usually
do not have a dedicated driving mode that allows for propulsion via electrical power only,
but the addition of electrification still helps reduce their fuel consumption in comparison
to ICEVs. (2) Strong hybrid vehicles, also known as HEVs, use a combination of an en-
gine and a battery-powered electric motor to drive the vehicle [17]. They have a more
complex vehicle architecture and physical packaging requirements than mild hybrid and
conventional vehicles. HEVs offer significant improvements in fuel consumption, as well
as superior overall performance compared to similar conventional vehicles. (3) Plug-in
hybrid electric vehicles (PHEVs) are similar to HEVs, with the main distinction being the
PHEVs’ larger battery packs that can be recharged directly from grid electricity via a plug-in
charger [18]. This allows PHEVs to have a larger EV-only range when compared to HEVs.
(4) BEVs do not have an engine or any of the related internal combustion components.
Instead, they solely utilize the battery-powered electric motor, which often comes with a
very large battery pack, to provide propulsive torque to drive the vehicles. Like the PHEVs,
the BEVs can also be recharged via a plug-in charger [19].

Several research works have been conducted to help develop and improve the design
of electric powertrain in EVs. Dagci et al. [20] utilized planetary gear sets (PGs) to develop
an automated design process for PG-based HEV systems focusing on both fuel economy
and performance. The design process consisted of five major stages, and their case study
results showed that a light-duty truck’s performance requirements could be fulfilled by
various two-PG HEV designs without sacrificing fuel economy if the appropriate synthesis
techniques for exploring the entire design space are developed. Kabalan et al. [21] investi-
gated the potential of efficiency improvement of the simple series-parallel HEV powertrain
using topology modification, which was the addition of gears for the components or a
gearbox with a few numbers of ratios. The findings showed an efficiency decrease in one
variant and an efficiency improvement in another variant with a fuel consumption result
that was comparable to the standard Toyota Hybrid System. Vora et al. [22] introduced a
model-based framework that incorporated powertrain simulation and battery degradation
models to predict fuel consumption, electrical energy consumption, and battery replace-
ments. These results were combined with economic assumptions to enable the exploration
of a larger design space to provide better insights to vehicle integrators, component manu-
facturers, and buyers of HEVs. Lei et al. [23] demonstrated a novel approach for designing
an electric powertrain to optimize energy consumption while maintaining vehicle perfor-
mance and ride comfort. The requirements for power performance, energy consumption,
and ride comfort were generated on the vehicle level. Subsequently, the generated re-
quirements were applied to the subsystem level, where torque outputs, motor efficiency,
and vehicle weight were the corresponding requirements. A multi-objective global op-
timization was carried out on the subsystem level while a constrained energy approach
was proposed for the vehicle level. The final solution had a lightweight ratio of 93.5% and
motor efficiency of 92%. Zhou et al. [24] outlined an optimal selection methodology for
PHEV powertrain configuration utilizing optimization and a comprehensive evaluation of
powertrain design schemes. To determine the performance potential of each configuration,
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a multi-objective powertrain optimization design was proposed and applied to series,
parallel pre-transmission, output power-split, and multi-mode power-split powertrain con-
figurations. The results suggested that the parallel pre-transmission configuration could be
selected for optimal acceleration capacity, the multi-mode power-split configuration could
be selected for optimal electric energy efficiency, and the output power-split configuration
could be selected for optimal fuel economy.

In this work, the design and optimization of an HEV powertrain are examined in the
context of a vehicle development competition. The University of Waterloo Alternative
Fuels Team (UWAFT) is participating in the EcoCAR Mobility Challenge, sponsored by
the United States (US) Department of Energy, General Motors (GM), and MathWorks,
and managed by Argonne National Laboratory [25]. The competition tasks 12 North
American universities to apply advanced propulsion systems, electrification, and vehicle
connectivity to improve the energy efficiency of a 2019 Chevrolet Blazer while balancing
factors such as emissions, safety, and consumer acceptability. This program provides the
opportunity to apply the model-based design methodology using software-in-the-loop
and hardware-in-the-loop to evaluate and optimize the HEV powertrain. This study
outlines the process of developing an HEV powertrain using MATLAB and Simulink that
is optimized for performance, fuel economy, and emissions. Powertrain configuration
selection, as well as powertrain component (engine, motor, and battery) selection and
sizing, is examined to evaluate the potential benefits and drawbacks for each layout.
This study focuses on the first two steps in the model-based design methodology, as shown
in Figure 1. The contribution of this study is the in-depth description of a powertrain
design process using the model-based design methodology and software modeling and
simulation to electrify a conventional vehicle, as well as the optimization of the hybrid
powertrain performance by considering different design parameters.
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Figure 1. Schematic of the model-based design methodology.

The rest of this paper is organized as follows: Section 2 describes various available
hybrid powertrain configurations; Section 3 provides the design criteria and constraints;
Sections 4 and 5 outline the powertrain design process and analyze the simulation re-
sults of the built-in vehicle model in MATLAB and Simulink; Section 6 provides some
concluding remarks.

2. Hybrid Powertrain Configurations

From a vehicle architecture standpoint, HEV powertrains can be classified into three
main categories, which are series, parallel, and series-parallel split. These categories are
defined by the vehicle’s overall power flow and torque path.

In a series HEV powertrain, the engine does not provide propulsive torque to drive
the vehicle. Its main function is to convert potential energy from fuel to mechanical energy
which is then converted to electrical energy using a generator. The electrical energy is
used to propel the motor via an inverter. This configuration allows for the engine speed
to be controlled independently from the vehicle speed, which means that the engine can
be controlled to run at the optimal speed to minimize losses incurred in the electricity
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generation process [26]. The electric motor used to drive the vehicle receives power from
the engine or the battery pack as shown in Figure 2.
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Figure 2. Schematic of a series hybrid powertrain.

In a parallel HEV powertrain, the engine, similar to conventional vehicles, provides
propulsive torque directly to the wheels to drive the vehicle. An electric motor, powered
by a battery pack, is also mechanically coupled to the driveline, allowing it to boost the
power output of the engine. A mechanical coupler combines the torques generated from
the engine and motor and delivers the resulting torque to the wheels. The engine torque
and the motor torque can be controlled individually, but the speed of the engine and the
motor each have a fixed proportion to the overall vehicle speed. An example of the parallel
HEV powertrain configuration is shown in Figure 3.
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Figure 3. Schematic of a parallel hybrid powertrain.

The series-parallel HEV powertrain, shown in Figure 4, is a significantly more complex
configuration as it allows for both series and parallel driveline functionality, optimizing the
vehicle for various driving scenarios [26]. This is enabled by a mechanical coupling
component that can either connect or disconnect the power output of the engine from the
vehicle’s main driveline.
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3. Powertrain Design Requirements and Constraints
3.1. Vehicle Performance Metrics

The first step in the HEV powertrain designing process involves establishing design
objectives and evaluation criteria. The vehicle technical specifications (VTS) were estab-
lished by the EcoCAR competition as the key performance indicators used to evaluate the
potential designs in terms of overall performance. Table 1 lists all the VTS metrics targeted
for the powertrain.

Table 1. Summary of the target vehicle technical specifications.

Criteria Units Competition Targets

Acceleration 0–60 mph s ≤7
Acceleration 50–70 mph s ≤6.5
Braking 60–0 mph ft ≤138.4
Total range mi ≥250
Combined fuel economy mpg ≥33.5
Total emissions g/mi ≤373

3.2. Available Options for Powertrain Configurations and Components

Aside from the VTS, other technical requirements and limitations were imposed
to ensure the creation of a viable propulsion system design that aligns with the core
vision of the competition. For instance, P0 and P4 powertrain architectures, shown in
Figure 5, were pre-approved by the EcoCAR organizing committee and, hence, teams were
encouraged to use these architectures. In the P0 architecture, an electric motor is connected
with an internal combustion engine through a belt, on the front-end accessory drive. In the
P4 architecture, the electric motor, located in the rear axle drive, is connected through a gear
mesh on the rear axle of the vehicle and decoupled from the internal combustion engine.

The competition also limits the options for powertrain components such as the engine,
motor, and battery to ensure a certain level of safety control. Due to confidential reasons,
the exact details of these components, despite being used in the MATLAB/Simulink sim-
ulation, are not disclosed in this study; instead, the information given is the high-level
specifications of the components. Table 2 shows two engine options, which are manufac-
tured by GM.
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Table 2. Overview of engine options.

Code Displacement Intake System

LYX 1.5 L Turbocharged
LCV 2.5 L Naturally Aspirated

The electric system, consisting of an electric motor and a battery pack, must be
designed to ensure that components are not only compatible with each other but also
satisfy the objective to produce a vehicle optimized for fuel economy. The power levels
of the two systems should be matched such that the battery pack’s discharge power
capabilities meet the requirements of the motor. Figure 6 outlines two available battery
packs and four corresponding motors. The two options for battery include a smaller pack,
the Malibu hybrid battery (HEV4), with a maximum discharge power of 53 kW made
by GM, and a larger pack with a maximum discharge power of 133 kW custom-made by
Hybrid Design Services (HDS). The HDS pack consists of 768 2-Ah Samsung cells (lithium
nickel manganese cobalt oxide), with 96 cells in series and eight in parallel. The smaller GM
HEV4 pack is compatible with two motors which are the American Axle Manufacturing
(AAM) EDU2 and the Emrax 228, while the larger HDS pack is compatible with the Phi
Power 217 s and the AAM EDU4.
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Energy recovery capability should also be considered to optimize fuel economy.
The energy recovery is usually maximized by using regenerative braking as the primary
means of slowing the vehicle. The charging capability of the battery is the main factor
determining the amount of energy that can be recovered through regenerative braking.
Table 3 shows the regenerative capabilities for the two battery options.

Table 3. Battery regenerative braking capability. (GM, General Motors; HDS, Hybrid Design Services.)

Battery Pack Peak Charge Power Regenerative Braking Capability (Deceleration Rate
of 3 m/s2)

GM HEV4 65 kW 45 km/h
HDS 133 kW 93 km/h

The HDS pack can bring the vehicle, with an assumed mass of 1730 kg, to a com-
plete stop from 93 km/h using only regenerative braking at a deceleration rate of 3 m/s2,
whereas the HEV4 pack can only slow the vehicle from 45 km/h before the use of mechani-
cal brakes is required.

4. Powertrain Modeling in MATLAB/Simulink

This section details the modeling and simulation environment setup and the baseline
performance results of several powertrain architectures. MATLAB/Simulink, specifi-
cally the Powertrain Blockset™, was utilized as the primary tool in the development of
the powertrain model to explore various architectures consisting of different components.
The powertrain model is derived from a Simulink model for the stock 2019 Chevrolet Blazer
provided by MathWorks. The model has four unique subsystems, including the power-
train, drivetrain, controllers, and driver input, as shown in Figure 7. These systems were
developed in parallel with component selection and architecture refinement to achieve the
best results. MATLAB scripts were developed to efficiently evaluate various architectures
and perform component selection sweeps.
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4.1. Powertrain Components Modeling

Basic built-in blocks from the Simulink Powertrain Blockset™ were used to model
each component being considered. The engine and motor blocks rely on lookup tables
generated via the Model-Based Calibration Toolbox™ and simplified dynamics, while the
battery block is represented by an equivalent circuit model. The built-in blocks for the
components are shown in Figure 8. Linear interpolation between lookup tables breakpoints
has been proven to be sufficient for standard drive cycle modeling [26].
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The engine model used in this study is based on the built-in “Mapped SI Engine”
block [27]. This block uses a series of lookup tables to calculate the input speed and
torque command. Significant lookup tables include the gas mass flow, fuel mass flow, ex-
haust manifold gas temperature, brake-specific fuel consumption, CO, CO2, NOx, and par-
ticulate matter (PM) emissions. The actuator blocks use transfer functions to determine
the actuator dynamics at a given time. The emissions calculations are detailed by a set of
functions that determine the level of filtrated emissions by a catalyst. These calculations
assume that the operating pressure and temperature of the engine are constant and that
the lookup table values are representative of practical applications.

The motor model is based on the built-in “Mapped Motor” block [28]. This block uses a
lookup table to determine the motor efficiency on the basis of input torque and motor speed.
Another lookup table of torque-speed data is utilized to determine maximum torque values
and rotational speeds. These lookup tables were populated using data obtained directly
from the motor manufacturers. The required current is calculated using the battery voltage
and the mechanical power, which is obtained from speed and torque commands.

The battery model is based on the built-in “Equivalent Circuit Battery” block [29].
The parameters of the first-order equivalent circuit model were provided by the manu-
facturers and populated into lookup tables. The first-order equivalent circuit model has
been shown to be sufficiently accurate for the purpose of battery voltage estimation [30,31].
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This battery block determines the battery output voltage from the required current and
operating temperature. The state of charge is calculated by coulomb counting. The temper-
ature is assumed to be constant during operation, and the lookup tables are assumed to
be representative of battery conditions. These assumptions can be made as the changes in
temperature are negligible during battery operation within the standard drive cycles.

4.2. Energy Consumption Modeling

In an ICEV, only low-level controls such as individual component controllers are re-
quired. In an HEV, however, the vehicle controller needs to also determine how much
power should be delivered by each of the energy sources in the vehicle [32,33]. For the
UWAFT-designed vehicle, one objective is to minimize the fuel economy, which would
require an effective energy management strategy. UWAFT implemented the equivalent
consumption minimization strategy (ECMS), which is a method with a low computational
complexity that has been used widely in hybrid vehicle applications. The ECMS is based
on the concept that there is an equivalence between electrical energy and fuel energy [34].
This equivalence is evaluated by considering the average energy paths from the fuel tank
to the storage of the electrical energy. In the ECMS functions, for each time t with a time
step of ∆t, parameters such as acceleration, speed, wheel speed, and wheel torque are
measured or evaluated and used to calculate the equivalence factor. The equivalence factor
determines the fuel equivalent of the electrical energy on the basis of whether the battery is
being charged or discharged. This factor is used in the cost function which is minimized by
adjusting the control variables. The optimal control variables then regulate the amount of
torque that is provided by the electrical and fuel paths.

As previously discussed, the primary powertrain components (engine, motor, and bat-
tery) were modeled in Simulink using lookup tables provided by the component manu-
facturers. Without the physical components to validate these tables, it was assumed that
these individual components were modeled to a sufficient degree of accuracy. There were
several other assumptions that may have also caused some variance in the simulated fuel
economy results. For instance, transmission shift time is a factor that can affect the fuel
economy results; however, in this study, it was assumed that the transmission shift time
could be neglected. The shift time used in the model was 350 ms. It has been shown that
vehicle shifting tends to range from 50 ms to approximately 500 ms [35]. Therefore, dif-
ferent transmission shift times, from 50 to 500 ms, were run and analyzed using the stock
vehicle model to see the corresponding fuel economy, as shown in Figure 9. This analysis
showed a maximum difference in fuel economy of 1.9% which is small enough to be rea-
sonably neglected in practical applications. Another assumption, not formally evaluated
but inherent to the model, is environmental conditions (wind, grade, etc.) being constant.
Deviations from these environmental conditions were not considered in the basic architec-
tural design and selection. Overall, an upper estimate of the variance in the fuel economy
results was ±1.65 mpg, suggesting reasonably accurate fuel economy modeling results.
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5. Powertrain Simulation Results in MATLAB/Simulink

After inputting the specification parameters for the engines, motors, and batteries,
and implementing the ECMS in the vehicle controller, the powertrain model was run in
Simulink. Only the mechanically feasible designs were considered. For instance, only the
1.5 L engine and the Phi Power 271 s were considered for the P0 configuration because
the spacing requirement for both the engine and motor in the front of the vehicle cannot
accommodate any other types of engine and motor. For the P4 configuration, only the
2.5 L engine was considered for performance purposes, since, at times, the engine will
have to drive the car completely by itself and, thus, will need more power. The matching
electrical components were also considered. The simulation used two drive cycles to test
the performance of each design, which were the urban dynamometer driving schedule
(UDDS) and the highway fuel economy driving schedule (HWFET). Each of the drive cycles
was run five times consecutively to obtain a longer running time. The UDDS drive cycle
represents city driving and the HWFET drive cycle represents highway driving. The values
shown in Table 4 are the combination of the results from running these two drive cycles,
with the unsatisfactory performance metrics when considering the competition targets
being labeled in red.

Table 4. Summary of performance results of various powertrain designs in Simulink. Unsatisfactory performance metrics
when considering the competition targets are labeled in red.

Configuration P0 P4 P4 P4 P4

Engine GM LYX 1.5 L GM LCV 2.5 L GM LCV 2.5 L GM LCV 2.5 L GM LCV 2.5 L
Motor Phi Power 271 s AAM EDU2 Emrax 228 Phi Power 271 s AAM EDU4
Battery HDS GM HEV4 GM HEV4 HDS HDS

Acceleration 0–60 mph (s) 4.85 5.77 6.13 4.95 4.78
Acceleration 50–70 mph (s) 3.97 4.51 5.05 4.01 4.15
Braking 60–0 mph (ft) 140.4 139.9 139.5 133.2 135.5
Total range (miles) 313.4 310.9 307.9 309.2 308.8
Fuel economy (mpg) 34.2 34.1 33.9 32.6 33.8
Emissions (g/mile) 159.6 17.1 15.2 87.4 43.7

From Table 4, it can be seen that, even though all five designs seem viable and satisfy
most of the EcoCAR competition targets, only one design gives a fully satisfactory perfor-
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mance. From a high-level perspective, this design is a P4 hybrid powertrain consisting of a
2.5 L inline-four engine from GM, a 150 kW electric motor with an integrated 9.04:1 gear
reduction, also known as an electronic drive unit (EDU) from AAM, and a 133 kW battery
pack provided by HDS. Figure 10 summarizes the selected powertrain configuration and
components. The Simulink simulation results using the vehicle model and the ECMS
control strategy are shown in Table 5, in comparison with the competition targets.
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Table 5. Simulated vehicle performance of the selected design.

Criteria Units Competition Targets Simulated Performance

Acceleration 0–60 mph s ≤7 4.78
Acceleration 50–70 mph s ≤6.5 4.15
Braking 60–0 mph ft ≤138.4 135.5
Total range mi ≥250 308.8
Combined fuel economy mpg ≥33.5 33.8
Total emissions g/mi ≤373 43.7

By utilizing the Simulink Powertrain Blockset™, five different powertrain designs
were efficiently examined, and one was selected to be the final design to be submitted to
the EcoCAR competition. The final design was shown to satisfy all of the competition
targets by simulations in MATLAB/Simulink. It should be noted that this study only
focused on the technical design process of the hybrid powertrain from the modeling and
simulation standpoints. Other design aspects, to be addressed in our future works, such as
cost analysis and mechanical/electrical risks, will also be considered before the real-life
integration of the selected powertrain configuration and components into the vehicle.

6. Conclusions

This study investigated two powertrain configurations, two engines, four electric mo-
tors, and two battery packs in the process of designing a hybrid electric vehicle powertrain.
The final design had to satisfy the performance requirements given by the EcoCAR Mobility
Challenge competition. The model-based design methodology was utilized, specifically
the first two steps, which are the definition of design requirements and software modeling
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and simulation. Five different designs were modeled and simulated using the Simulink
Powertrain Blockset™ to obtain the performance metrics, including acceleration, braking,
driving range, fuel economy, and emissions. The equivalent consumption minimization
strategy was used as the energy management strategy in all examined designs. The simula-
tion results indicated that only one design was able to meet all the given criteria. This final
design was a P4 hybrid powertrain with a 2.5 L engine from GM, a 150 kW electric motor
with an EDU from AAM, and a 133 kW battery pack from HDS. This study also showed
that software modeling and simulation can be a good first step in the overall vehicle de-
sign process, as it can provide some general ideas of how different powertrain components
such as engines, motors, and batteries work together in different powertrain architectures.
MATLAB/Simulink was also validated to be a good modeling and simulation tool for
powertrain design. Further research effort will focus on the next steps in the model-based
design research, especially the software-in-the-loop and hardware-in-the-loop, to obtain
and validate the final vehicle design. Another aspect that we will focus on in our future
research is the concept of connected autonomous vehicles, where we will use technology
to steer, accelerate, and brake with little to no human input.
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