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Lay Abstract

As Hybrid Electric Vehicles continue to grow in market share, the Advanced Vehicle
Technology Competition series seeks to challenge and train students in this booming
industry. The current competition in this series is the ECOCAR Mobility Challenge,
where students must re-engineer a 2019 Chevrolet Blazer into a hybrid vehicle over
four years. The vehicle is to incorporate new autonomous technologies, as well as be
targeted at a car sharing application. The McMaster University Engineering ECOCAR
team has entered into this competition.

This thesis describes the detailed mechanical design of the new vehicle. This
begins by examining the selected hybrid layout, or architecture. Then the design
process of individual systems is shown, with emphasis on how each system meets the
McMaster team goals. Then the current state of the vehicle is shown, and delays due
to COVID-19 are discussed. Finally, a testing plan is proposed, to ensure all systems

can meet their design goals.



Abstract

This thesis outlines the mechanical design and integration of a P0/P4 Parallel Through-
the-Road Hybrid Electric Vehicle. The vehicle is McMaster University’s entrant into the
EcoCAR Mobility Challenge, the current o ering of the long running Advanced Vehicle
Technology Competition series. The competition challenges students to electrify a
2019 Chevrolet Blazer, while meeting the needs of a car sharing platform.

The design of the McMaster vehicle will be explored, starting with a walkthrough
of the architecture selection process performed in the rst year of competition. The
design process of both powertrains will be examined, starting with component selection
and working up to assembly integration. Particular attention will be paid to the rear
electri ed powertrain, which has been designed from the ground up for this purpose,
including custom single speed gear reduction.

The current integration status of the vehicle will be shown. Timeline delays due
to the COVID-19 pandemic will be discussed, as well as next steps to move towards
complete vehicle integration. A vehicle testing plan will be put forward, using the

cutting edge systems available at the McMaster Automotive Resource Center.
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Chapter 1

Introduction

1.1 Hybrid Electric Vehicles: Current Status &
Future Trends

As the world's population becomes increasingly aware of and active towards reduc-
ing climate change, increased conversion to Electric VehicleB\(s) is one of the
main avenues to reduce Green House GaSHG) emissions. According to the US
Environmental Protection Agency EPA), 29% of GHG emissions in 2017 came from
the transportation sector, of which 59% was from light duty vehicles [1]. This shows
the large impact consumer vehicles have on glob@HG emissions, and the e ect a
large scale move towards electric and hybrid vehicles could have.

EV is somewhat of an unspeci c term, and so more speci c categories are used to
di erentiate di erent levels of vehicle electri cation. Hybrid Electric Vehicles (HEVS)
are powered by both a conventional Internal Combustion Engind@E) and one or

more Electric Motors (EMs). They do not possess the battery capacity to have a
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dedicated electric only driving mode. ThdCE and EM work together to power the
vehicle, resulting in increased fuel economy. Plug-in Hybrid Electric VehiclePKIEVS)
are simply HEVs with a large enough battery capacity to justify an electric only
driving mode, and therefore can be plugged in to charge in order to prevent charging
via the ICE. This allows them to function as pureEVs over short trips, and as
HEVs over longer ones. This signi cantly increases the potential fuel savings of the
vehicle. Battery Electric Vehicles BEVs) operate exclusively viEEMs, powered via an
on-board battery. This entirely eliminates fuel consumption from the vehicle, making
the type of electricity generation the driving force behind GHG emissions.

Over recent years, sales &Vs worldwide have increased. Measured by percentage
of total vehicle sales in the United StatesHEV's have increased to 2.4% in 2019 from
2.0% in 2018 [2], [3]BEVs and PHEVs together are down slightly to 1.9% from 2.1%.
In Canada, 2018 marked a massive increaseREV and PHEV sales to 2.2% from
1.0% the previous year [4]. HEVs increased to 1.3% from 1.1% [4].

These increases in hybrid andV adoption are due in part to the increase in
model options on the market. There are now 4BIEV and 57BEV or PHEV models
o ered on the U.S. market [2]. This increase in choice allows a wider market segment
to meet their transportation requirements with a hybrid or electric vehicle. Major
automakers continue to expand these electri ed vehicle ranges. General Motof3\)
has committed 20 new models by 2023 [5], while Ford has committed 40 by 2022 [6].

A major reason for this increase in hybrid and EV models is increasing emissions
standards across the world. In 2012 the Obama administration implemented stricter
Corporate Average Fuel EconomyQAFE) standards, resulting in a 54.5 mpg (4.3
L/100km) target by 2025 [7]. Two major ways to improve the average eet economy
are to electrify more vehicle models into hybrids, and to add more puEVs. The

Trump administration loosened these standards to 40.4 mpg (5.8 L/100km) by 2025
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[8]. In response, California along with 22 other states have sued tiE#°A in an
attempt to retain their current rights to set state speci c fuel e ciency standards

[9]. Canada de nes its standards in grams of COper mile produced by a vehicle
[10]. Canada has up to this point maintained its standards to be equivalent to those
of the older and stricter USACAFE standards. During the midterm review of the
Canadian standards, several regulated companies suggested Canada maintain alignment
with current US standards [11]. They argue the Canadian market cannot remain
competitive if regulations di er from the US, as economies of scale for technology
improvements to meet these requirements do not work in the small Canadian market.
Other organizations argue that in terms of the global marketplace, maintaining higher
standards keeps Canada competitive due to the increased demand for lower emission
vehicles, and encourages new technologies to be developed in Canada. It was also
suggested that Canada could align its standards with other stringent markets, such
as California or Europe. Thirteen states and the District of Columbia have directly
followed California's emissions standards, and together account for 43% of the US
automotive market [12]. Combined with Canada this makes up 51.5% of the combined
Canada-US market. This should represent a large enough demand to justify the
production of low-emission vehicles by major automakers.

As vehicles become more electri ed they are also becoming more connected, leading
to the rise of Connected and Automated VehicleSQAV's). These vehicles are usually
de ned by using Society of Automotive EngineersRAE) Levels of Autonomy which
range from 0 to 5. A vehicle at level 0 has no autonomous features, up to a level
5 which is a fully autonomous vehicle [13]. Current production vehicles with these
features can achieve between level 2 and 3 autonomy. This usually takes the form of
Adaptive Cruise Control (ACC), Lane Keeping Assist (LKA) and Park Assist as the

main features. These technologies are not limited Vs, however these vehicles do
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have inherent advantages for autonomy implementationEMs can be controlled with a
much higher level of precision as compared t€Es, which allows easier integration with
sensor systems. As the autonomy of vehicles increases, the desire for more connectivity
also increases. This is where Vehicle-to-Everything2X) communication technology
becomes important. Future vehicles will be able to communicate with other vehicles,
infrastructure, cloud services and more. Together with autonomous driving this will
revolutionize how vehicles are used.

Leveraging the above technology, vehicles have begun shifting towards a Mobility
as a Service MaaS model. Speci c to the automotive industry this is a model where
vehicles are not privately owned, but can be used when needed. Companies such as
Uber and Lyft are examples of ride-hailing services, essentially replacing taxis in their
function [14]. Ride-sharing services look to emulate carpooling, and can be seen in
speci ¢ o erings such as UberPool and Lyft Shared. Car-sharing is seen in companies
such as Car2Go and Zipcar. These operate as short term car rentals, allowing consumers
to have access to a car without the associated maintenance and storage costs. Looking
into the future, these car-sharing services would be fully integrated into a largdfaaS
system, allowing consumers to interact with all transport modes via a single app [15].

This would truly revolutionize the transportation system.

1.2 EcoCAR Competition & Thesis Objectives

This research was completed as a result of McMaster University's involvement in
the EcoCAR Mobility Challenge EMC). The EMC is the 12" competition in the
long running Advanced Vehicle Technology CompetitionAVTC ), sponsored by the
US Department of Energy DOE). This competition series began in 1988 with the

Methanol Marathon [16]. The competitions serve to stimulate students to pursue
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careers in the automotive industry, push the boundaries of innovative automotive
technologies, and bridge the gap between theoretical classroom and hands-on experience.
This is accomplished through automotive industry partners, that allow students access

to real world scenarios and constraints. The McMaster Engineering ECOCAR team
consists of over 100 mainly undergraduate students, ranging across the majority of
engineering disciplines and all years of study. The MAC team is divided into three
competition required sub-teams, Propulsion System IntegrationPSI), Propulsion
Controls and Modeling PCM), and CAV. MAC then chooses to further splitPSI into
mechanical and electrical sub-teams.

The current EMC competition is centered around the redesign of a 2019 Chevrolet
Blazer. The competition is headline sponsored by thBOE, GM and Mathworks, and
managed by Argonne National Laboratory ANL ). Over the four year long competition,
12 North American schools are tasked to redesign the Chevrolet Blazer into a hybrid
vehicle targeted at a car sharing application, including the design of SAE Level 2
autonomous features. This brings together the expected future trends of the automotive
industry into one project. Hybrid technology, MaaS applications, andCAV features
are all large components of this student competition.EMC is the secondAVTC
competition the MAC team has competed in. The rst was the ECOCAR 3 competition,
which similarly was a four year competition to redesign a 2016 Chevrolet Camaro.
Results from the competition will be further discussed in Section 2.3.

The new Chevrolet Blazer is marketed bycM as a mid-size Sport Utility Vehicle
(SUV), however it is more accurately categorized as a Crossover Utility Vehicl€IJV).
This is due to its unibody construction, as opposed to the body on frame construction
of traditional SUVs [17]. This lends relevancy to the current automotive market. As
of September 201TCUVs have outsold cars and continue to rise in market share [18].

Cars in this context is a class that includes sedans, hatchbacks and sports cars.
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Year 1 of the EMC focused on architecture selection, which will be reviewed in
Chapter 3. Year 2 of the competition focused on powertrain design and integration,
with the goal of complete integration by May 2020. This entails the design of all
mechanical and electrical systems to meet the chosen architecture. The systems must
then be manufactured, tested, and integrated into the vehicle. Vehicle controls for
these systems must be developed for basic functionality. Goals for the end of Year 2
are for all propulsion systems to safely produce torque, to pass vehicle inspection and
attempt all dynamic events at competition. The mechanical design and integration
of the vehicle is the subject of this thesis. The objectives of the thesis are simply a
subset of the competition goals, to design, manufacture and integrate the mechanical
components of the hybrid propulsion system, along with all auxiliary systems, into the

vehicle.

1.3 Thesis Organization

This thesis begins with a literature review of existing research on parallel Through-The-
Road (TTR) architectures. This review is followed by an investigation into existing
real world implementations of this architecture. This will include a discussion on the
advantages and disadvantages of this architecture in terms of mass market vehicles.
Following this, McMaster's performance in the ECOCAR 3 competition will be
reviewed, in order to identify lessons learned to apply to this new competition. Then
there will be a discussion and analysis of tHEMC rules and recommendations. Together
these will be used to construct design guidelines for the vehicle.
Chapter 3 will serve as a summary of all the work done over Year 1 of tE&MC as
it pertains to this thesis. This will include an explanation of the architecture selection

process, an analysis of the target market, Vehicle Technical Speci cationg{S), and



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

an overview of the nal architecture chosen by the team.

The next chapter will discuss the design process for the frohf€E powertrain
of the vehicle. Component justi cations and mounting solutions will be discussed.
Additionally, the integration plan for the 12V Belted Alternator Starter (BAS) will
be discussed at a high level.

Moving to the rear powertrain, a deep dive into the design of all components will
be conducted. This includes the design of all power ow components from the EM to
the wheels, excluding the di erential. Finite Element Analysis FEA) at component
and system levels will be used to justify the design.

Chapter 6 will discuss the vehicle integration up until May of 2020 for both the
front and rear powertrain components. Timeline delays due to COVID-19 will be
discussed, with recommendations for integration going forward.

A proposed vehicle testing plan will be developed. This will involve in-house testing
utilizing dynamometers from the McMaster Automotive Resource CentreMARC), as
well as dynamic vehicle testing on-site and at competition events. The testing plan

seeks to strike a balance between being thorough and the aggressive ECOCAR timeline.
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Chapter 2

Background and Literature Review

2.1 Hybrid & Motor Placement Nomenclature

There are many possible combinations dMs and ICEs inside of a hybrid vehicle.
For this reason nomenclature exists to identify and di erentiate vehicle architectures
by power ow and motor position. First an industry accepted nomenclature system
for EM placement inside of a hybrid architecture will be shown. Then the di erence
between series and parallel hybrid architectures will be explained.

EM placement inside a hybrid vehicle is usually described by the relative position
as compared to other powertrain components. This nomenclature system uses Position
0 through 4, abbreviated PO through P4 [19], [20]. All positions can be seen in Figure
2.1. The positions describe where the power of tHeM enters the traditional ICE
powertrain. Therefore theEM can have its own gear reduction which does not e ect
the position it is designated.

PO motors are connected to théCE via a belt, and integrated into the Front End
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Figure 2.1: Electric motor Position 0 to Position 4 (PO to P4) nomenclature.

Accessory Drive FEAD). These motors are typically used for start-stop functionality
and limited electrical assist. These motors are usually referred to aBAS, Belted
Starter Generator (BSG), or Integrated Starter Generator (ISG).

P1 motors are connected to the crankshaft of the ICE. This includes the front or
rear of the engine. Importantly this motor is situated before the transmission coupling,
be it a torque converter or clutch, in terms of power ow. The direct connection means
the EM speed is directly correlated to ICE speed.

P2 motors are connected to the transmission input shaft. The main di erence to a
P1 motor is that P2 motors are situated after the transmission coupling. This allows
the engine to be disconnected from the transmission, and for tfM to still provide
tractive power.

The P2.5 position is a newer developement, and describes a transmission with
integrated EM. This allows vehicle electri cation with no modi cation to the rest of

the powertrain. Hybrid transmissions can provide electric boost, start-stop, and pure
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electric driving modes. An example of this kind of transmission is the Volvo 7DCTH
[21].

P3 motors are connected at any point between the transmission output shaft and
the di erential input shaft. This placement limits the motor speed similar to the P1
position. The motor is correlated to the speed of the drive shaft. This position is
extremely uncommon in Front Wheel Drive FWD) vehicles, where the di erential is
often built into the transmission.

Finally, P4 motors are attached directly to the wheel axles. This generally means
oneEM is required per wheel. In the case of &TR hybrid where the EM is isolated
on its own axle, this motor is always a P4, even if one motor powers both wheels
through a di erential. This is because the position number is related to the power ow
of the ICE. These motors are also speed limited, by wheel speed, similar to the P1
and P3 placements.

A series hybrid uses thdCE exclusively as a generator, then a&M to drive the
wheels, as can be seen in Figure 2.2. TheE can be run at its optimal e ciency
point at all times, and can be switched o when the battery is charged [22]. However,
the two energy conversions necessary are a source of ine ciency.

A parallel hybrid uses anlICE and anEM to provide tractive power, as can be seen
in Figure 2.3. This architecture allows many possible operation modes by combining
the power sources in di erent amounts [22]. This includes pure electric, combined, and
pure combustion driving modes. This architecture also has more variations in terms
of motor placement as compared to the series architecture.

The series and parallel architectures can be combined to form series-parallel archi-
tectures. This involves the use of multipleEMs as well as at least one clutch in order
to disconnect and combine the power ows in more complicated ways. There are also

power-split architectures, which use planetary gear sets to actively combine multiple
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Figure 2.2: Example of a series hybrid architecture.

input sources. The architecture to be de ned and examined in the following section is

a parallel TTR architecture.

11
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Figure 2.3: Example of a parallel hybrid architecture.

2.2 Parallel Through-The-Road Hybrid Electric

Powertrains

2.2.1 Research and Academia

Current literature on TTR hybrids is somewhat limited as other architectures are
still the norm in most production vehicles. The most common theme in current
literature is to investigate the conversion of two-wheel drive combustion vehicles to
hybrid vehicles by electrifying the non-driven axle. Most of the following researchers
suggest aftermarkefTTR hybrid conversions as a stepping stone to a larger hybrid
eet. Importantly, converted HEV's would ease pressure on existing grid infrastructure
compared to a highlyPHEV and BEV heavy eet. In a study by the Paci ¢ Northwest
National Laboratory, it was found that the US grid had a technical potential for 73%

PHEV adoption among light duty vehicles, using 2002 statistics [23]. If the charging

12
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period is limited to between 6pm and 6am, this drops to a potential for 43% conversion.
The study assumedPHEV's with only a 33 mile range. Gong et al. studied the e ect
of PHEVs and EVs on the expected lifetime of local distribution transformers [24].
The study showed that unregulated charging can drastically raise the temperature and
therefore reduce the lifetime of these transformers, and increased market penetration
for these plug-in vehicles only increases the extra charging load. It is shown that smart
charging strategies would be necessary to mitigate these problems in order for a high
market penetration of plug-in vehicles to be viable.

Researchers Zulkii et al. present a de nition of the paralle[TTR architecture,
de ning it as having an ICE and EM operating on di erent drive shafts [25]. They
identify the architecture as a torque coupled drivetrain, where the torque from both
sources are added together, while the speed of each source cannot be individually
controlled as the front and rear tires must spin at the same speed. They also present
ve distinct operating modes possible within the architecture, which are listed below.

Operating Modes of a TTR Architecture Vehicle [26]{[28]

1. ICE alone delivers power to the load

2. EM alone delivers power to the load

3. Both the ICE and EM deliver power to the load
4. EM obtains power from the load

5. ICE delivers power to the load, and the load delivers power to the EM

Several design considerations for the vehicle control system were also identi ed,
speci c to the TTR architecture [26]{[28]. The most signi cant is that charging can
only occur while the vehicle is moving. This prevents charging opportunities at idle,
such as at stop lights in city drive cycles, reducing the charging capability as compared

to a more traditional hybrid architecture. Zulkii et al. are focused on the conversion
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of existing vehicles using In-Wheel MotorsI{VM s), and so the remaining design
considerations are speci c to that use case. When converting an existing vehicle,
there is no opportunity to downsize thelCE as would normally be part of a hybrid
architecture design. This limits the possible fuel savings. Additionally the use of
IWM s limits the torque and power potential of the electric powertrain, due to the
physical motor constraints.

Pisanti et al. present a dynamic programming optimized energy management
system, using the HySolarKit aftermarkettWM system and a FIAT Punto as the
model [29]. They report that the conversion of this vehicle reduces fuel consumption as
compared to the stock vehicle, but less so than a nativ@¢EV would. Speed constraints
of IWM s and lack of downsizing of thdCE due to converting an existing vehicle
are cited as reasons for the lower e ciency gains compared to a nati¢EV. These
ndings agree with those of Zulkii et al. above. A further study by Rizzo et al.
examines the implementation of a fuzzy logic control system which predicts driver
intention and driving conditions using only OBD data [30]. This was tested with a
real world Fiat Punto tted with the HySolarKit, showing functionality of the basic
control scheme.

Galvagno et al. used mathematical modeling to perform a drivability analysis of
the TTR architecture [31]. The addition of a second powertrain introduces a second set
of natural frequencies, which must be accounted for in vehicle design. This second set
of natural frequencies contributes to a more complex time history during acceleration
testing. However, it was found that the overall amplitude of the natural frequency
response was lower, making the HEV more comfortable then the FWD car.

Finesso et al. created a software tool to optimize thEM and battery size in
TTR hybrids based on powertrain cost, including fuel costs, ov&60 000 kmlifetime

[32]. Two HEVs of di erent degrees of hybridization were compared to a conventional
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vehicle. All vehicles had Compression IgnitionGl) engines, and the twoHEV's were
constrained to match the same performance targets as the conventional vehicle. It
was found that the component cost of theHEV powertrains were higher as expected,
but the overall costs were lower by up td&1300when fuel cost was considered [32].
Other interesting ndings include the dependence of the fuel economy improvements
on di erent factors. It was found that operating Mode 5 as described above where
the EM regenerates energy while thECE propels the vehicle results in a maximum
2% improvement in fuel consumption. Conversely, the optimization of the current
transmission gear, as opposed to a simple shift strategy based on vehicle velocity and
power, resulted in a minimum of 3% gain, up to a maximum of 12.7% depending on
drive cycle. Lastly they found theEM was oversized by their optimization tool.EM
size was predominantly based on vehicle performance requirements, which meant at
most points during the tested drive cycles th&M was operating at less optimal points

in its e ciency range.

Hall et al. developed and built aTTR vehicle based on a Volkswagen Golf, in order
to showcase the Protean PD18 in-wheel motors and MAHLE Powertrain controller
used in the project [33]. The vehicle goals were to halve thelQ0 km=h time of the
vehicle while reducing CQ emissions to less tha®0 g=km, with initial testing showing
this to be achievable. The vehicle was also tted with 850V, 14 kW h battery pack
inside the trunk. This all but eliminates cargo capacity, however was justi ed on a
testing platform vehicle.

Last in this literature review is a group of three papers concerning the design of
past AVTC competition vehicles, all withTTR architectures. The rst two are 2005
Chevrolet Equinox SUVs, part of the Challenge X competition. The Mississippi State
University (MSU) [34] and University of Wisconsin W) [35] teams will be examined.

Both teams have identical vehicle architectures, using &9 L diesel engine65kwW

15



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

induction motor with integrated powertrain, and 330 V Nickel-Metal Hydride (NiMH)
battery pack. This makes them both parallelTTR HEV s. The UW team was able

to achieve36:5 mpg compared to theMSU teams 32 mpg while also maintaining a
Tier 2 Bin 5 emissions level compared to the Tier 2 Bin 8 dfISU. MSU notes that
their vehicle was not tted with a BAS, meaning the contol strategy for the vehicle
does not contain engine idle-o or electric vehicle launch capabilities [34]. Th&NV
vehicle does use an engine idle-o strategy, as well as removing the engine alternator
and using a high to low DC-DC converter which improved fuel economy by 2.9% [35].

The Purdue University ECOCAR 2 team 2013 Chevrolet Malibu used a parallel
TTR PHEV architecture. The vehicle used d.:7 L diesel engine16:2kW h battery
pack, and a Magna E-drive90 kW motor [36]. The team targeted a charge sustaining
fuel economy of5:6 L=100 km with a charge depleting range 086 mi. The battery
of this vehicle was placed in the trunk of the vehicle, limiting the cargo capacity
to 12ft3. The battery also required a temperature range of0 C to 35 C, which
necessitated sub-ambient cooling [36]. Therefore a heat exchanger was added to the
vehicle's Heating, Ventilation, and Air Conditioning (HVAC) system, in which the
battery coolant was circulated.

Interesting similarities to note between these threAVTC vehicles are as follows. All
three vehicles used an all-in-one electric driveline solution, with motor and transmission
being a single unit. This eliminated the need for powertrain design past the component
mounting phase. All teams also took a modular approach to control design due to
the modular nature of theTTR powertrain. All vehicles utilize the ICE as a primary
power source, with theEM supplying supporting power, when attempting a charge
sustaining strategy. All teams also primarily relied upon regenerative braking to charge

the battery, instead of operating mode 5 from above.
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2.2.2 Existing Implementations

The TTR architecture has become popular with the high-performance automotive
market. Vehicles including but not limited to the BMW i8 [37], Acura NSX [38],
and Porsche 918 Spyder [39] use a variation of this architecture to achieve All Wheel
Drive (AWD) and increased vehicle performance. Each vehicle uses a mid-mounted
ICE, meaning it is mounted behind the seats but in front of the rear axle. The front
axle of all the vehicles then has additionaEMs, one in the BMW and Porsche [37][39],
two in the Acura [38]. Each vehicle also has an additional small&M on the rear
axle, used in parallel with thelCE. This makes the vehicles not stricfT TR hybrids,

as de ned in Section 2.2.1. However it is interesting that these high performance
vehicles use an independently powered and electri ed front axle instead of a more
traditional AWD system. This is most likely due to the increased control possible
with EMs over traditional systems, improving traction control capabilities. The Acura
solution provides true torque vectoring by using two motors on the front axle, one
for each wheel. These vehicles also outline the packaging bene ts possible with this
architecture. Traditional AWD systems require a driveshatft that runs the length of
the vehicle, meaning the driver compartment must be higher up for ground clearance.
The independent electric axle allows a lower overall vehicle, which translates to a lower
and more stable center of mass.

A more widespread use of this architecture comes from Volvo, who use a similarly
modi ed TTR architecture for all hybrid vehicles built on their Scalable Product
Architecture [40]. This includes all 90 and 60 series Volvo vehicles [41]. These vehicles
are similar to the performance powertrains listed above. The front axle is powered by
a2.0L ICE and a small34 kw EM. The rear axle contains a large61 kW EM. Using

the two separately powered axles has manufacturing bene ts on a modular vehicle
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platform, where di erent powertrain components do not have to be developed for
di erent wheelbase vehicles. This allows this hybrid architecture to be used across ve
models in Volvo's range. This adaptability is a strong case for the use of tA@R

architecture for manufacturers wishing to electrify a large range of vehicles quickly.

2.3 McMaster ECOCAR3 Review & Lessons
Learned

As mentioned in Section 1.2, the MAC team has competed in o#/TC competition

in the past, being the ECOCAR 3 competition from 2014 to 2018. This competition
comprised the electri cation of a 2016 Chevrolet Camaro over four years, with many
similarities in structure to the current EMC competition. This allowed MAC to draw
on its previous experience and develop key lessons to use going forward.

First a review of the MAC Chevrolet Camaro architecture. The vehicle was a
series-parallel hybrid vehicle with P1 and P2 YASA P400 HEMs, a2:0L Inline-4 (14)
turbocharged GM LTG engine, and a Hybrid Energy Storage SystenHESS consisting
of lithium ion batteries and ultra-capacitors. An architecture diagram can be seen in
Figure 2.4. The twoEMs allow pure electric, series hybrid, and parallel hybrid driving
modes, as well as regenerative breaking using the ER1. The architecture is also
extremely power dense, featuring the highest theoretical performance of any ECOCAR
3 vehicle. EachEM is capable of a continuou®0 kW output, with a peak torque of
370N m The student designedHESSuses the high power density of ultra-capacitors
to help supply the combined180 kW electric output, while the energy density of the
lithium ion batteries is used to achieve the desired electric and hybrid driving ranges.

The overall complexity of this architecture is very high. The team pursued a
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Figure 2.4: McMaster Engineering ECOCAR 3 vehicle architecture.

high-risk high-reward strategy in an attempt to maximise vehicle performance within
the muscle car platform. This was partly in uenced by the team's past involvement

in the SAE Formula Hybrid competition, which is extremely performance oriented.
This resulted in an architecture that was di cult to implement, especially for a team
new to the structure of the AVTC series. The complex powertrain caused timeline
and nancial penalties over the four year competition, resulting in the vehicle never
reaching its theoretical performance. A review of the ECOCAR 3 competition was
conducted at the start of theEMC competition, which included a review of the MAC
team as well as strategies and results from all other teams [42], [43]. Main lessons

learned as they pertain to vehicle design were as follows.

1. Simpler architectures generally lead to higher overall results.
2. Using components with industry support generally reduced integration time.

3. Using components a team has past experience with generally reduced integration
time.

4. Some teams experienced timeline delays as a result of choosing competition

19



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

sponsored components.

5. All teams consistently struggled with the design and/or integration of torque
coupling and torque transfer components.

6. Team designed components can meet speci ¢ requirements more easily than
purchased components.

Generally speaking, experienced teams that performed well in the competition
chose architectures that were feasible to implement in the tight ECOCAR timeline.
This is exempli ed by both Ohio State University and Embry-Riddle Aeronautical
University, who chose relatively simple architectures [42]. These a orded them faster
integration time, which translated to more time available to troubleshoot issues that
did arise. These teams placed rst and second overall in the ECOCAR 3 competition.

Component selection was also found to be extremely important. Points 2 through
4 above all relate to this issue. Point 2 is most applicable tlCE selection, asGM
provides teams with support if they select one of the o ered engine variants. The MAC
team chose aGM engine that was not supported for the competition, and therefore
did not receive CAD models or integration support. This caused the team to use
3D scanning technology and a FaroArm Coordinate Measurement MachinéNIM)
to create a CAD model of the engine. This introduced unnecessary complexity into
the design process. Point 3 is relevant to teams with past experience in tAgTC
series, where re-using components from past vehicles can drastically reduce integration
time. Many experienced teams re-useBMs in order to capitalize on past controls
experience, which is often one of the largest contributors to integration time. Point 4
would seem to contradict point 2, however speaks more to the delivery timeline then
the integration timeline. Certain competition level sponsored components such BMs
and battery packs had limited quantities available to teams. This means that upon

architecture selection, some teams did not receive their rst choice in components.
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Additionally, teams would not know if they had received a component until after
architecture selection documents had been nalized and reviewed by the competition.
Therefore competition level sponsored components bring uncertainty and possible
timeline delays to an architecture. GM was seen as an exception to this rule as
discussed above as it related to their engines and transmissions.

Finally points 5 and 6 relate to component design. It was found that all teams
had issues with Noise, Vibration, and Harshnes&N{/H) through the torque transfer
components of the driveline. This resulted mainly from team designed components,
but also occurred for some teams due to improper alignment of powertrain components.
This lead to component failures in some cases. Colorado State University experienced
the failure of their clutch and torque converter in Year 3 [42]. The MAC team had
several shaft failures, which will be further explored in Section 5.4 during the shaft
design for the current vehicle. Additionally the MAC team experienced some powertrain
alignment issues, in part due to the very long nature of the powertrain stack. Extra
care should therefore be taken in the design and installation of these components to
ensure longevity of the vehicle.

It was found that while large and high risk components such @&Ms or batteries
bene t more from industry support, as noted above, smaller components can greatly
bene t from being custom designed for the task at hand. The MAC team found that
the use of team designed control boards, something no other team in the competition
did, greatly improved overall functionality of the vehicle. The bespoke nature of the
boards reduced overall wiring complexity, as well as providing complete documentation
for troubleshooting and vehicle inspections. This approach of using team designed
components to ful Il speci c use cases or requirements extends to other areas of the
vehicle, where o the shelf components may over-complicated assemblies.

Overall these lessons learned were extremely valuable in the design of the new
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vehicle architecture, as well as individual component design. This will be further
explored in Chapter 3 where the full architecture selection process from Year 1 of the

EMC will be reviewed.

2.4 EcoCAR Mobility Challenge Rules &
Limitations

The speci ¢ environment of theEMC competition has a large in uence on vehicle
design, at both the architectural and component level. In this section the main rules
and limitations e ecting design decisions will be reviewed. This will put many of the
decisions made in future chapters into context.

Starting with rules that e ect architecture level decisions,EMC species the
intended market for the nal vehicle to be a car-sharing application. This means the
vehicle has in e ect two customers. The rst is the eet owner, who owns the vehicle
and is in charge of maintenance and vehicle upkeep. The second is a car-sharing
customer, who would rent the vehicle from the eet owner via their car-sharing service.
This target market has some unique aspects that in uence vehicle design. The eet
owner is concerned not only with up-front vehicle cost, but also overall vehicle cost of
ownership. The competition speci es a 30000 mile, 18 month vehicle lifetime. At the
end of this lifetime the vehicle is assumed to be sold for 75% of its purchase price. This
makes the high initial purchase price of some hybrid components easier to overcome
through fuel savings over the speci ed mileage. Cost is calculated via Equations 2.1 to
2.7 below, with variables de ned in Table 2.1 [44]. The powertrain cost of the vehicle
is speci ed as the di erence to the stock Chevrolet Blazer. This isolates the cost of the

powertrain in relation to the rest of the vehicle. The total cost of ownership is then
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used in scoring certain dynamic events at competition, with lower costs being better.

TotalOwnershipCost= PurchasePrice+ TotalFuelCost ResalePrice (2.1)

PurchasePrice= TeamPropSysCost StockPropSysCost (2.2)

PropSysCost= EngCost+ MotCost + BattCost (2.3)

EngCost=827+(109 NoCyl)+(6:2 EngPwr)+(283 DI )+(1730 Boost) (2.4)

MotCost =6 MotP ower (2.5)

BattCost =20 BattP ower (2.6)

FuelPrice LifetimeMileage

TotalFuelCost=
FuelEconomy

2.7)

Table 2.1: Variable de nitions for competition cost of ownership equations.

Variable Description Unit

BattPower 10 second peak power of battery pack kw

Boost Presence of a turbocharger or supercharger Binary (1/0)
DI Presence of Direct Injection Binary (1/0)
EngPwr Peak power of engine as de ned by manufacturerkW

Fuel Economy Vehicle fuel economy as measured by Energy Comnpg
sumption event

FuelPrice Price per gallon of fuel as de ned by the compe-USD/gal
tition

Lifetime Mileage Lifetime mileage of vehicle as de ned by compe-mi
tition

MotPower Combined 10 second peak power of an electrikW
motors

NoCyl Number of engine cylinders Integer

ResalePrice De ned as 75% of PurchasePrice UsSD

The EMC also attempts to reduce the scope of powertrain electri cation as com-
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pared to the ECOCAR 3 competition. This is to both make the project more feasible for
teams in general, and to increase the focus @AV technologies. This scope reduction
comes with certain limitations on architecture selection, enforced through both rules
and incentives. The rst of these is a ban on student designed and built Energy Storage
Systems ESS5). This is justi ed as a large reduction in complexity for teams, allowing

a shorter integration timeline, and a reduction in safety concerns for the competition

as a whole. This means only black box solutions can be used. As a response there is a
GM sponsored battery option, which will be explored further in Chapter 3.

The next scope reduction is a move away frorRHEVs towards HEVs. This
decreases the size of arySS allowing for easier integration into the vehicle. Charging
systems are also eliminated with the same e ect. The move is not a rule but is
incentivized by the availableGM battery option and a change in competition event
evaluation. The competition no longer measureGHG emissions, Petroleum Energy
Usage PEU), or Well to Wheel (WTW ) metrics, and does not use utility factor
weighting, all of which bene t from PHEV designs.

In terms of propulsion, P1 and P2 motors are discouraged through the structure
of GM sponsored powertrain components. For this competitio®M provides ve
preselected engine and transmission combinations called "powercubes". These power-
cubes are combinations currently used i®&M vehicles, andGM will provide technical
support for working with them. This is speci cally to combat problems teams had
in ECOCAR 3 pairing engines and transmissions that are not o ered in a preexisting
vehicle, making the integration of the two together di cult. Breaking apart the engine
and transmission with a P1 or P2 motor makes the existing calibration maps no longer
applicable, and loses th&M support aspect of these components. Additionally a
higher burden of proof during the selection process is required to be allowed to execute

a P1 or P2 motor, as well as using one of the provided engines or transmissions outside
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of their de ned pairings. These engine options also only support standard E10 fuel,
which together with the lack of GHG, PEU, and WTW factors seeks to move the
competition away from alternative fuels such as E85 or B20. Alternative fuels have
also been a source of integration di culties for teams in the past.

The nal important aspect of the rules relevant to this thesis are the vehicle body
modi cation rules, which are largely unchanged from EcoCAR 3 in terms of structure.
The vehicle body structure is color coded into red, yellow, and green [44]. This indicates
which panels in the unibody construction are structural or important for crash safety.
Diagrams of these areas exist but are omitted due to con dentiality. Red areas cannot
be modi ed under any circumstance. Yellow areas can be modi ed through the use of
a structural waiver, which will be explained below. The only exceptions for red and
yellow areas is the drilling of holes less thah3:1 mm for component mounting, as well
as welding components to these red or yellow areas. Welds must be done in a way
to minimize stress concentrations via heating to the best of the team's abilities [44].
Finally, green areas can be modi ed freely without structural waivers. Components
of the vehicle not included in the body structure are also sorted into modi able and
unmodi able groups. Unmaodi able components include but are not limited to safety
components such as airbags and safety modules, as well as vehicle suspension geometry.
Modi able components using appropriate waivers include the rear subframe, body
components within200 mmof seat or seatbelt mounts, hood and rear hatch, brake
pads, brake rotors, and brake calipers. Some components like suspension springs and
dampers are modi able without waivers, as long as they are passive.

The waiver process is a way for teams to justify designs to the competition aGM,
in order to ensure safety critical components are modi ed properly. At a high level
the process consists of justifying that the team's design does not contain any stresses

at or above the level of the stock component. This is accomplished throu§iEA of
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both the stock and modi ed components by the teams, which is then reviewed I6yM.
Considering the large amounts of time put into these analyses by students, teams
generally try to minimize the amount of waivers in the vehicle design. Components
such as brake calipers may require di erent forms of justi cation, which usually makes
these waivers less intensive from a time perspective.

This is by no means a comprehensive analysis of the competition rules, but serves
as an overview to help guide the reader through architecture and component design
decisions later in this thesis. Rules which apply to a speci c component design or

decision will be called out as they are used through the document.
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Chapter 3

McMaster ECOCAR Architecture

Selection

3.1 Target Market and Vehicle Technical
Speci cations

One of the rst deliverables in Year 1 of competition was to research and outline a
target market segment for the team's vehicle, followed by de niny TS based on that
market. The architecture selection that followed would then have a list of requirements
in the form of thoseVTS. Some aspects of the target market were pre-de ned by the
competition, as discussed in Section 2.4. The vehicle is to be targeted at a car-sharing
application. Speci cally, a car sharing application with both a eet owner and customer,
therefore no peer-to-peer sharing platforms would be allowed. Past this it up to the

team to de ne their speci c eet owner model in general terms, and a prospective
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target customer.

The rst step in this process was to de ne a geographic region for the service
to operate in. The Greater Toronto Hamilton Area GTHA) was chosen for the
following reasons. Being the area that McMaster University is contained within means
familiarity with the region, and the ability to easily conduct our own surveys for
research purposes. Additionally, th&5THA is the highest population area in Canada
with a total population of 7:63 million people in 2018 [45]. Of the citizens of Toronto,
28% of households do not own a car, with households in the downtown core rising
to 55%, all as of 2016 [46]. This leaves a large prospective market for a car-sharing
service. Commuting into Toronto from the suburbs is also expensive, with a daily
commute from Hamilton to Toronto estimated at$7500per year using a personally
owned vehicle andb4843using public transportation [47]. Therefore theGTHA is
considered a good prospective area for a car-sharing service, as both an alternative for
commuters and an option for intra-city trips.

The eet owner was therefore de ned as a car-sharing service operating within the
GTHA using a blended model of free- oating and stationary vehicles [48]. Stationary
vehicle pick-up and drop-o zones would be located at major transit hubs, such as Go
Transit stations. The free- oating models would be limited to downtown core usage in
the city of Toronto. The eet owner would pay for vehicle fuel via gas cards within
the vehicle. Booking the vehicles would be coordinated via an app.

To de ne the customer, more research had to be done on the demographics of the
selected area. According to a study by Ryerson University, millennials are the fastest
growing population in this region, and will continue to be until at least 2026 [49].
Millennials in this case are de ned as people born between 1982 and 2001. Millennials
encompass a demographic of students and young professionals, being in the age range

of 19 to 38 in 2020. Of those currently in the labor force, 80% of millennials in the
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GTHA have a post secondary education [49]. The average starting salaries for post
secondary educated employees in Canada ranges frda0 747to $71 730depending on
type of degree and position. The average salary for a person with a bachelors degree
is $54 295 The estimated$7500per year in commuting costs from above represent
13.8% of that yearly income. Therefore a car-sharing option that would reduce these
costs, while representing increased freedom as compared to using public transport,
would be marketable to this group.

The MAC team also conducted a survey of over 220THA residents. Of those
surveyed, 19.6% had no preference on the type of vehicle they drove, while 35.1% would
prefer aHEV and 28.0% would prefer arEV [48]. This shows the general interest in
better fuel economy and environmental awareness among the population. Passenger
capacity and cargo space were also important, with 75.5% and 68% of respondents
rating them a minimum 3 out of 5 importance respectively. Only 8.9% of respondents
said they preferred a performance vehicle.

The archetypal customer is therefore de ned as a millennial living in th&THA.
They are a young professional with a bachelors degree making approximat&i4 000
per year, who prefers to drive a vehicle with some level of electri cation. They do not
have an interest in vehicle performance, preferring a practical vehicle with passenger
and cargo capacity.

The MAC team then de ned a set of VTS, in order to guide the architecture
selection process. Based on the team's ECOCAR 3 experience Y& were made
conservative, using the competition targets wherever possible. This was to reduce
unnecesary risks in the nal architecture, and reduce overall design and integration time.
This aligns with the lack of interest in performance vehicles found above, justifying
the competition targets for acceleration and braking performance. The priorities for

the vehicle, based on the de ned target market, are as follows.
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MAC Team Vehicle Priorities

1. Low cost of Ownership as de ned by Equations 2.1 to 2.7
2. Stock passenger and cargo capacity

3. High fuel economy as measured by the competition de ned drive cycles

Low cost of ownership is the highest priority as it is bene cial to both the eet
owner and customer. The eet owner will bene t nancially from lower cost vehicles,
and these lower costs can be passed on to consumers via lower pricing models. High
passenger and cargo capacity were extremely important to the target customers, and
stock values are as high as possible in the con nes of this competition. High fuel
economy aids in lowering the overall cost of ownership, as well as being important to
the de ned customer for environmental reasons.

Table 3.1: MAC Vehicle Technical Speci cations

Speci cation Competition Performance Safety Re- Team Units
Target Requirement quirement Targets

Acceleration 7 9 TBD 7 S

IVM-60 mph

Acceleration 6.5 TBD TBD 6.5 S

50-60 mph

Braking 60{0 Stock n/a 168 Stock ft

mph

Cargo Capacity  Stock 16.5 n/a Stock

Passenger Stock Stock 2 Stock )

Capacity

Curb Mass n/a n/a 2542 <2542 kg

Front Axle Mass n/a n/a 1350 <1350 kg

Rear Axle Mass nl/a n/a 1450 <1450 kg

Starting Time <=2 <=5 n/a <=2 S

Ground n/a n/a 7 in. 7in. in

Clearance

Total Vehicle 250 200 n/a 250 mi

Range

Fuel Economy 15% above Stock n/a 30.5 mpg
Stock

Emissions Stock Stock n/a <=Stock (-)
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The nal VTS can be seen in Table 3.1. All team targets are matched to competition
targets. This sets the performance criteria like Initial Vehicle MotionIvM ) to 60 mph
times at the lowest realistic values without risking reduced competition points. Cargo
and passenger capacity are set to stock value as explained above. Fuel economy is
set to 30:5 mpg, which matches the competition target as well as being achievable
based on initial simulation data. Curb mass is set as simply lower than the safety
requirement. This is to remove the more performance oriented pressure of de ning a
speci ¢ vehicle mass target. However, as lower vehicle mass e ects fuel economy, low

mass will be prioritized where convenient to do so in component selection and design.

3.2 Selection Process and Year 1 Summary

3.2.1 Considered Components

This section will brie y outline the EM and ICE options available to the team while
developing possible architectures. Starting with the GM provided powercube options,
mentioned in Section 2.4. A powercube is a GM selecté@E and transmission pairing,
that brings with it GM technical support. For this reason, along with the MAC team's
experience using an unsupportetCE option in ECOCAR 3, it was decided that these
would be the onlyICE options considered. The o eredCEs can be found in Table
3.2, along with the powercube numbers they belong to. The three engines arel4ll
layouts. The smaller LYX and LTG engines are turbocharged, making them attractive
from power to weight ratio and e ciency perspectives. The LCV engine is naturally
aspirated but is o ered in the base model Chevrolet Blazer, meanin@M parts exist
to easily replace the V6 in the Blazer RS the teams were given.

Table 3.3 contains the corresponding transmission options, again with the pow-
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Table 3.2: GM engine options by powercube number.

Option # RPO  Displacement (L) Intake System Peak Peak
Code Power Torque
(kw)  (Nm)
1 LYX 15 Turbocharged 126 282
2,34 LTG 2 Turbocharged 191 40(
5 LCV 2.5 Naturally Aspirated 148 255

ercube numbers they belong to. All transmission options are automatic, nine speed,
transversely mounted units. The main di erences across the ve options come in the
presence or absence of an accumulator, and the use of Electronic Transmission Range
Selection ETRS). An accumulator stores hydraulic pressure within the transmission,
in order to enable immediate shifting during start stop applicationsETRS is what

the name implies, the transmission is not connected to the PRNDL lever via a cable,
instead being connected electronically. The Blazer comes with a traditional cable shift
lever, so integrating anETRS transmission will be more work. Note that if a team is
selecting powercubes primarily based o of simulated engine performance, only the
LTG gives a choice of which of these transmission features a team desires. If a team
selects the LYX or LCV engine, there is only one transmission option available. The
M3D transmission is o ered with the LCV engine in the base model Blazer, as stated

above. This means overall much simpler integration if powercube 5 is selected.

Table 3.3: GM transmission options by powercube number.

Option # RPO Code Number of Gears Accumulator ETRS
1 M3U 9 Yes Yes
2 M3D 9 Yes No
3 M3E 9 No No
4 M3H 9 Yes Yes
5 M3D 9 Yes No

Four EM options were considered in the initial MAC vehicle architectures, listed
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in Table 3.4. Two are traction motors, and two areBAS units. The YASA P400 HC

is an extremely power dense axial UM used by the MAC team in ECOCAR 3. It
can operate at a wide range of voltages, making a peak5kw at 700V [50]. The
listed speci cations are gathered by the team from EcCoCAR 3, and better re ect the
expected performance in the current MAC vehicle. The motor's continuous power is
limited electrically in these conditions as opposed to thermally, and so is the same as
its peak power. One major advantage of this motor is that the MAC team already
has it in hand, and therefore can start testing and controls development immediately.
Additionally, the use of the motor in ECOCAR 3 means the team can draw on past
experience implementing and using it.

The Plettenberg Nova 30 is a larger version of a motor used in McMaster's previous
Formula Hybrid team vehicle. For this reason the team has previous experience using
this brand of motor, as well as building a set of planetary gearboxes for them. The
experience is farther removed from the current team roster than that of the YASA
P400 HC, having no remaining team members that contributed to the design of the
Formula Hybrid vehicle. Similar to the YASA, these motors are extremely power dense,
increasing packaging options as well as lowering overall system mass. These motors
would need to be purchased new, which imposes a nancial burden as compared to
the YASA motor.

Table 3.4: Electric motors considered in MAC architectures.

Electric Motor Peak Continuous Max Max
Power Power (kW) Torque RPM
(kW) (Nm)

YASA P400 HC? 70 70 250 750(

Plettenberg Nova 30 [51] 30 15 80 7000

Denso HV ISG [52] 30 12 60 21000

Valeo i-StARS Gen. 3 4 3 75 18000

1 YASA P400 HC speci cations are for 300V, 250 Arms
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The Denso High Voltage HV) ISG is a competition sponsored component. It
is a 300V part, which meshes well with the available battery pack to be discussed
below. Contrasting this component is the Valeo i-StARS unit, 42V BAS unit which
interfaces directly with the existing Low Voltage (V) system of the vehicle. These
two BAS units where compared in the team's simulations to nd which resulted in the

higher overall system e ciency, as will be discussed in upcoming sections.

Table 3.5: Competition level sponsored electric motors.

Electric Motor Sponsor Integrated Industry Application
Gearbox

SMG 180/120 Bosch No Fiat 500e [53]

Electric Drive Unit 2 AAM Yes

Concentric e-Drive AAM Yes Jaguar i-PACE [54]

eRAD Magna Yes Volvo V60/S60 [55]

The were also severdEM options available through competition level sponsorship.
These components are brie y outlined in Table 3.5. None of these components were
considered in the MAC team architectures for the following reasons. As discussed in
Section 2.3, there are timeline concerns when using competition sponsored components.
Due to the limited quantities of competition sponsoredEMs, the competition puts
limits on how many proposed architectures per team can contain them. It follows that
a team cannot know if they will receive thatEM until after the architecture selection
process has been completed, and the architecture is con rmed by the competition. This
delays the design portion of the integration process, as well as the timeline for receiving
the components. Additionally, the motors considered by the team are considerably
more power dense in terms of mass and volume than any of the competition sponsored
options. This means that the overall electric propulsion system will likely be lighter
and smaller than that of the sponsored options. Finally, the full drive units o ered

by AAM and Magna lock the team into speci ¢ gear ratios, features, and packaging
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layouts. The MAC team wanted to maintain its ability to tailor the propulsion system
to meet overall team goals. An example of this would be using simulation data to
choose the desired overall gear ratio between the motor and the wheels.

The nal component to be considered by the team is th6&M HEV4 battery pack.
This is the competition sponsored battery pack, originally from the hybrid Chevrolet
Malibu. This was the only ESSoption considered by the team. Due to the ban on
student designedESSs, only black box solutions may be considered. A coalition of
several teams pursued an option where working with a company a pack was designed
for EMC purposes, however the MAC team did not believe the increased nancial costs
were worth the performance increases of this option. Additionally, initial packaging
studies show that the Malibu pack can be e ectively packaged underneath the vehicle,
while the third party pack is much larger and would require packaging in the trunk.
Due to the team's priority of stock trunk space this required the Malibu pack. Lastly,
the GM support o ered with the Malibu pack was deemed too important to opt for

other third party options.

3.2.2 Initial Architectures

First a de nition of what constitutes an architecture for the EMC will be outlined.
An architecture is de ned as a power ow with speci c components assigned to it. A
power ow is de ned by the competition as a distinct mechanical and electrical layout
for power transfer through a vehicle. An example of a power ow would be &BTR
hybrid, with an ICE powering the front axle and aHV EM powering the rear axle, with
a HV battery as the ESS An architecture would then be created by assigning speci c
components to be used within this power ow. Changing a single speci ¢ powertrain

component constitutes as a di erent architecture. Components such as gearboxes do
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not de ne architectures. An example would be placing a gearbox in between &M
and a di erential. This does not create a new architecture, it simply modi es the
current architecture with a di erent gear ratio.

The EMC requires that three distinct architectures be presented at the Year 1
Winter Workshop, in order to have them reviewed by the competition. Teams are then
given feedback on these architectures by subject matter experts concerning feasibility
and execution. The requirements for these architectures are listed below. Following
these guidelines, the MAC team generated an initial three architectures which will be
outlined in this section.

Requirements for Proposed Architectures for Winter Workshop [56]

1. Atleast two unique mechanical/electrical power ows must be represented between
the three architectures

2. At least one architecture must include a GM Powercube

3. At least one architecture must not include the competition-donated Bosch motor
system

4. At least one architecture must include an unmodi ed production black-box ESS
(GM Malibu HEV pack or otherwise)

Architecture 1 is the rst of two architectures sharing the same PO/P4 parallel
TTR power ow. The front axle is powered byGM Powercube 1 containing the LYX
engine. This architecture was developed with fuel e ciency as its de ning goal as
compared to the other architectures. The LYX is the smallest GM sponsored engine,
representing the largest downsizing move from the stock vehicle. This gives the largest
opportunity for fuel savings, assuming the engine is not over-stressed by the weight of
such a large vehicle. This will be explored in Section 3.2.3.

Both Architecture 1 and 2 contain the same rear axle design. The axle is powered
by the YASA P400 HC motor. The motor power ows through a single speed gear

reduction, a clutch, and a di erential before being put to the wheels. The single speed

36



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

Figure 3.1: Architecture 1 - E ciency Oriented

gear reduction can be customized by the team in order to maximize fuel economy and
electric assist over the speci EMC drive cycles. The clutch allows motor separation
when it is not in use, reducing overall system losses. Designing one rear powertrain for
both architectures reduced overall project risk, as resources are spread over less total
projects during the initial design phase.

Architecture 2 is de ned by its goal to be the lowest risk architecture. It uses
the GM Powercube 2 option containing the LTG engine. This engine is the most
powerful of the GM sponsored options, giving a lower risk of an under powered vehicle
as compared to the other turbocharged option. The additional power means that
even in anICE only drive mode, the vehicle would likely be able to meet the stock
V6 powered BlazerVTS targets. This gives the architecture some redundancy for an
electric powertrain failure scenario. Unlike the Powercube 5 option, which is a stock
option for the 2019 Chevrolet Blazer, the turbocharged engine o ers more chances

for increased fuel economy. The Naturally AspiratedNA) Powercube 5 would also
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struggle to meet the stock V6 VTS targets in an ICE only drive mode.

Figure 3.2: Architecture 2 - Low Risk Oriented

Architecture 3 uses a PO with dual P4 paralleTTR power ow. This architecture
is de ned by its innovation potential as compared to the other architectures. The
possibility for torque vectoring from the dual rear motors opens up more innovation
paths for vehicle control in later competition years. Additionally, the combination of the
highest powerlCE and torque vectoring potential make this the highest performance
of the three architectures.

All architectures include aBAS on the front powertrain. This was chosen to add
start stop functionality to all architectures as well as to maximize the e ciency of allCE
choices. TheBAS will be used to move the engine operating point towards maximum
e ciency by supplying or regenerating torque. At the time these architectures were
developed it was not decided whether thelV Denso system otV Valeo system would

be used.
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Figure 3.3: Architecture 3 - Innovation Oriented

3.2.3 Selection Process

The selection of the MAC team's preferred architecture was based on a combination of
fuel economy, ownership costs, alignment with target market, and overall risk versus
reward of each architecture. Vehicle modelling in MATLAB Simulink was used to obtain
fuel e ciency values over the competition speci ed drive cycles. Packaging studies
were done in Siemens NX to evaluate the integration di culty of each architecture.
As discussed in Section 3.2.2, three architectures had to be presented at the Year 1
Winter Workshop with certain requirements. Subsequently, two architectures had to
be presented in the Architecture Selection Report, adhering to the below requirements.
These two architectures need to be ranked as a rst and second choice. The competition
organizers will then inform the teams if their rst choice has been approved. To aid
in this process, the competition organizers pre-approved and pre-rejected certain
power ows after Winter Workshop. These power ows are summarized in Table 3.6.

Questionable is a designation given to power ows that the competition will require a
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higher burden of proof from teams in order to approve.
Requirements for Proposed Architectures in Architecture Selection Report

[56]

1. At least one architecture must include a GM Powercube

2. At least one architecture must include a mechanical/electrical power ow that is
pre-approved by the organizers

3. At least one architecture must not include the following competition-donated
motors: Bosch SMG motor system, AAM EDU motor

4. At least one architecture must include an unmodi ed production black-box ESS
(GM Malibu HEV pack or otherwise) NOTE: the HDS battery option does not
qualify as an unmodi ed production black-box ESS

Table 3.6: Pre-approved and rejected power ows for Architecture Selection Report.

Power ow Designation

PO Pre-approved
P4 Pre-approved
PO-P4 Pre-approved
P0O-P4 with 300V + 48V systems Questionable
Dual P4 Questionable
Series Questionable
P3 Rejected

P2 Rejected

The selection process quickly revealed that architectures 1 and 2 aligned more with
team goals than architecture 3. Architecture 3 presents a higher degree of integration
di culty by doubling the amount of electric powertrain components. Its increased
potential for innovation does not contribute to speci ed target market wants and needs,
and the smaller Nova 30s are signi cantly less e cient than the larger YASA P400.
This makes its overall risk vs reward proposition unattractive. For these reasons, this
architecture was discounted early in the process. It was super cially investigated until

winter workshop to comply with the multiple power ow requirement stated in Section
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3.2.2, however internal resources were highly prioritized towards the development of
architectures 1 and 2.

Focusing the teams resources towards these two architectures added several ad-
ditional advantages. As both architectures have identical rear electric powertrains,
using anEM already in the team's possession, development of this system could be
started early. There was no risk that the nal system not be contained in the chosen
architecture. This extends to the design and packaging of all components other than
the ICE. The vehicle Simulink model was also re ned for these architectures, leading
to more accurate fuel economy numbers used to compare the two. Using this data it
was found that the ValeoBAS unit provided higher overall system e ciencies than the
Denso unit on both architectures. This was a result of the increased losses associated
with using a high to low DC-DC converter, which would be necessary when using the
HV unit to supply 12V power. Additionally, it was decided that the increased power
output of the Denso option made the belt design process more di cult, with a higher
risk of crankshaft damage from improper loading.

With both architectures being extremely similar in terms of overall risk, packaging
di culty, and integration timeline, the decision for which architecture was preferred
was made on the criteria of fuel e ciency and total ownership cost. These values are
shown in Table 3.7. Architecture 1 performs better in all metrics except highway fuel
economy, and so is the clear winner. The use of the LYX engine in architecture 2
contributes to the better highway mileage, as the more powerful engine is capable of
meeting most drive cycle power requirements without electric assist. The LYX engine
requires more electric assist, but as there is less potential for regenerative braking
on a highway drive cycle, the charge sustaining control strategy cannot supply as
much tractive energy. The LTG engine is also the cause of the large increase to total

cost of ownership over the LYX architecture. This is due to the much higher power
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gure, which is incorporated into the engine cost formula as seen in Equation 2.4.
Additionally, the competition speci es the LTG must be run on premium fuel, which
is priced at $3.74=gal by the competition, as opposed t&$3:19=gal for standard fuel.
This increases the fuel cost disproportionately compared to its fuel economy.

Table 3.7: Architecture comparison using Total Cost of Ownership and Fuel Economy.

Speci cation Architecture 1  Architecture 2

Total Cost of Ownership (USD) $393#45 $461344
Propulsion System Cost (USD) $59920 $640@20
Fuel Cost (USD) $32340 $381244
EMC Combined Fuel Economy (mpg) 29.59 29.43
EMC City Fuel Economy (mpg) 31.01 29.44
EMC Highway Fuel Economy (mpg) 28.02 29.41

3.3 Final Architecture Decision

The nal selection by the MAC team was architecture 1, shown with more detail in
Figure 3.4. The architecture is a PO/P4 parallelTTR HEV . The front powertrain
consists of thel:5 L LY X turbocharged engine, with a nine speed automatic transmission
and Valeo12V BAS system. The rear powertrain consists of the YASA P400 HEM,
with a single speed reduction gearbox, Tilton clutch, and di erential. The motor is
controlled via the Rinehart PM150 motor controller. The chose:SSis the Chevrolet
Malibu battery pack. The only option for comparison to other universities as of this
point in the competition is that of total ownership cost. Table 3.8 contains the total
cost of ownership of all teams in the competition. Notable in the table is how all
four teams who chose to use the LTG engine have the highest cost of ownership, by
a large margin. The MAC team exists as the most expensive non-LTG team in the
competition. This is due to the use of the more expensive turbocharged LYX engine

in combination with a 70 kW motor system, and a conservativ80.:5 mpg fuel economy
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Table 3.8: Cost of Ownership comparison of all EMC teams.

School  Total Propsys Total Fuel Engine Fuel
Ownership Cost Cost Economy
Cost (USD) (USD) (USD) Target
(mpg)
ERAU $ 3190.48 $3995.60 $2990.63 LCV 32.0
GT $ 3286.95 $3995.60 $ 3087.10 LCV 31.0
Wvu $ 3341.85 $ 3803.60 $ 3190.00 LCV 30.0
UA $ 3540.88 $5397.20 $2990.63 LYX 32.0
uT $ 3607.05 $5073.60 $3137.70 LCV 30.5
VT $ 3641.85 $5003.60 $ 3190.00 LCV 30.0
UWAFT $ 3663.99 $5423.60 $3107.14 LCV 30.8
MAC $ 3717.95 $5517.20 $ 3137.70 LYX 30.5
CSuU $ 4157.25 $5800.20 $ 3506.25 LTG 32.0
uw $ 4329.69 $5800.20 $ 3678.69 LTG 30.5
MSU $ 4427.25 $6880.20 $ 3506.25 LTG 32.0
osu $ 4666.35 $7384.20 $ 3619.35 LTG 31.0

target. The cost of ownership could be reduced dramatically by outperforming our
fuel economy targets. If we set the MAC fuel economy t82 mpg the highest target
of any other team, our overall cost drops to'5 overall as opposed to the current'8.
During the design process of the rear powertrain, it was proposed that the battery
be packaged underneath the vehicle in order to maximise trunk space. This use case
was approved by the competition, and the MAC team is now the only team not
packaging the battery within the trunk of the vehicle. The battery will be packaged
within a carbon ber enclosure, in the space originally occupied by the stock fuel
tank, directly beneath the rear seats. The design of this enclosure is headed by an
undergraduate student, and therefore will not be discussed in detail as a part of this
thesis. However the integration status and future plans will be discussed in Chapter 6.
The rear di erential of the vehicle has been ipped180 from what would be
considered a normal position. This means its input faces the rear of the vehicle. This

was done for the following reasons. Mainly, it allows the packaging of the battery
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Figure 3.4: McMaster Final Architecture

as discussed above. Additionally, if the di erential were to face forward, the motor
would need to be packaged beneath the rear seats of the vehicle. A packaging study
done on this option made it clear that to maintain competition required ground
clearance, the oor underneath the rear seats would need to be modi ed. Alternatively,
turning the di erential requires the rear cradle of the vehicle to be modi ed. The rear
cradle modi cation was deemed as the easier to accomplish, as although it requires
a competition waiver, that waiver is a lower burden of proof as compared to seat
mounting hardware. The in depth modi cation of the cradle is headed by another
undergraduate student, and therefore will not be discussed in detail as a part of this
thesis. As with the battery enclosure the integration status and future plans will be

discussed in Chapter 6, as will any interfaces with the rear powertrain in Chapter 5.

44



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

Chapter 4

Front Powertrain Design

4.1 Mounting and Integration Stratgey

The overall integration strategy for the front powertrain involved prioritizing GM
Original Equipment Manufacturer (OEM) parts in order to reduce design complexity
and increase system reliability. This allowed the team to focus on the rear powertrain
design, in which more student designed parts were necessary to meet the architecture
speci cations. This strategy was e ective assM often uses components interchangeably
across vehicle models, allowing many Blazer components to be reused for the new
powercube. Where this was not possibl&M components from a GMC Terrain were
used, as this vehicle comes standard with the team's chosen LYX powercube. These
components were purchased using the team's Blue Dollars, a credit given to teams
each year which can be used for the purchase ®M parts as part of the competition.
This allowed the team to focus nancial investment on the rear powertrain.

Starting with the engine and transmission cooling system, the radiator stack and
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stock piping from the GMC Terrain were used. This means the powercube will be
operating with its stock cooling capacity, which eliminates any thermal issues from
the front powertrain. The FEAD water pump was bypassed, using a Davies Craig
EWP80 electric water pump [57]. TheHVAC system will be a combination of Blazer
and Terrain components. The condenser from the Terrain is used, as it is integrated
into the stock radiator stack as half of a split radiator. The other half of the radiator

is the transmission oil cooler, and therefore cannot be removed from the system.
Additionally, the Terrain's internal passenger volume is almost identical to that of the
Blazer, meaning cooling load will also be similar. The compressor from the stock V6
Blazer engine will be used. These will then be integrated into the normal Blazer cabin

side HVAC system and controls.

4.1.1 Engine Mounts

The stock V6 engine in the Blazer RS and the LYX engine in the Terrain are mounted
as a unit with their accompanying transmissions. The V6 has four mounts, one on
each side of the powercube as shown in Figure 4.1 labelled M1 through M4. The
LYX powercube only uses three mounts when installed in the Terrain, due to its
signi cantly lower weight. Speci cally mount 4 is not used, and therefore will not
be used in the conversion. Both nine speed transmissions are part of the saaié
transmission family, therefore their designs and mounting points are similar. Mount 3
uses identical mounting points across the two transmissions, and so will be re-used
for the M3U transmission. Mount 2 connects to the Power Transfer UnitHTU) in

the AWD version of the Blazer, however there is an equivalent mount for thg FWD
version of the car, normally equipped with powercube option 5 as described by the

competition. This mount was purchased using Blue Dollars and used for mounting
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position 2.

Figure 4.1: Stock Blazer RS engine and transmission mounting con guration.

This leaves mount 1, which due to the smaller LYX engine cannot be re-used.
As such a front engine mount had to be custom designed. As part of the technical
support received from Valeo, the company provided the team with basic designs for
a front engine mount which incorporated mounts for idler pulleys. This design was
adapted to create an easily manufactured version, which aided in accelerating tiE
installation timeline. Figure 4.2 shows the design, with Figures A.1 and A.2 showing
the technical drawings. The mount is made from welded 4140 steel, with triangular
gussets to improve rigidity. The mount attaches to the engine via three M10 bolts,
which pass through cylindrical stand o s. The top two bolts attach to original engine
mounting points, with the bottom going to where the stock LYX idler pulley originally
attached. The two holes in the main face of the mount are for two bosses to be located
and then welded. These will be the mounting locations of the new idler pulleys. The
belt for the FEAD passes between this mount and then engine. The M12 threaded
holes match to the chassis side of the stock engine mounting solution.

The main goal of this design was to reduce overall timeline by overbuilding the mount

with a large safety factor. As thelCE installation was the rst major component in the
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Figure 4.2: CAD model for front engine mount with feature labels.

integration timeline, further design optimization was forgone to meet the manufacturing
schedule. This resulted in a high component mass @87 kg It is suggested that a
revision of this mount be designed in future competition years, to reduce the mass
and integrate the idler pulley mounts. The current mounting solution is functional
but inelegant, and a re-design would pose as an excellent learning opportunity for a

younger student.

4.1.2 Front Half Shafts

The stock half shafts in the Blazer RS do not t the new M3U transmission for two
reasons. The passenger side half shaft is too short, as it is intended to interface with
the PTU. Additionally the splines used on the higher torque V6 application are larger
than those on the M3U, making the driver side shaft also not usable. The half shafts

from the GMC Terrain are also not suitable, as the Terrain and Blazer have di erent
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track widths. After some investigation, it was found that the M3D transmission from
the base model Blazer used the same output spline as the M3U. Therefore FA&D
Blazer half shafts were ordered. The longer passenger side half shaft is a two piece
design, with an additional bearing and Constant Velocity CV) joint in the center
which mounts to the engine block. An adapter plate was designed to interface the
mounting pattern expected on the LCV engine with the new LYX engine. Technical

drawings for this adapter plate can be found in Figures A.3 and A.4.

4.2 VALEO BAS System

The Valeo i-StARSBAS system is integral to the fuel economy improvements needed to
meet the MAC team'sVTS. As discussed in Section 3.2.3, this system was chosen over
the HV Denso option for two reasons. The rst is that thelLVV option was simulated to
have higher system e ciencies, due to not requiring a high to low DC-DC converter.
The HV and LV systems of the vehicle do not interact with each other, meaning energy
cannot be transferred from theHV to the LV battery and vice versa. TheBAS controls

the charge of thel2V battery, using excess energy to provide torque assist to the
engine.

The second reason for choosing the Valeo system was the large amount of technical
support o ered in the design and integration of the system by Valeo. The team was
concerned with the design of a new belt path for th&EAD, with teams in past
EcoCAR competitions struggling with these designs. Some teams induced crankshatft
failures from improper loading, due to increased belt tension as well as the increased
torque transfer. To combat these possible problems, a Valeo engineer designed the
belt path for the MAC team. The layout of the system can be seen in Figure 4.3.

The main crankshaft pulley is a six rib stockGM part, adapted to be used in this
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Figure 4.3: Belt path for MAC LYX engine with Valeo i-StARS BAS

application in order to replace the ve rib LYX crank pulley. This matches theBAS
pulley, as well as allowing a higher torque transfer through the system without belt
slip. The compressor is from the V6 engine, again to comply with the increase to a six
rib belt. The belt driven water pump originally on the engine has been removed from
the system, as its position over complicated the belt route. A blanking plate is used
to replace the pulley and pump wheel assembly from the pump housing. The engine

will then be cooled by an electric water pump, as discussed in Section 4.1.

Figure 4.4: Valeo iStARS BAS with horseshoe style belt tensioner on test bench.

The system is driven by the crankshaft pulley as standard, with the addition of
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the BAS. Based on the control strategy, theBAS will act as a second driver adding
torque to the system, or as an additional load subtracting torque from the system.
Due to this bi-directional loading, a horseshoe style belt tensioner is needed as seen
in Figure 4.4. This absorbs the bi-directional belt tension loads caused by tiBAS,
protecting the other components.

Designs of the mounts for both theBAS and the V6 compressor were provided by
Valeo. These will serve as a rst revision for the MAC team, and will be modi ed to
facilitate manufacturing as needed. The initial design of the engine mount in Section
4.1 was also provided, speci cally to incorporate mounting for the two idler pulleys in
the belt path. Due to Non Disclosure AgreementsNDASs) from both Valeo andGM,

no further depth to the design of this system can be provided.
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Chapter 5

Rear Powertrain Design

5.1 Design Requirements & Goals

The rear electric powertrain is the main student designed element of the vehicle, and
the system which was personally designed by the author. Due to the separate nature
of the two powertrains, the system had a high degree of exibility in its design and
packaging. This lead to the rotated di erential approach introduced in Section 3.3,
which will be expanded upon in Section 5.2. This unique packaging strategy lead to
a number of speci c requirements in the design of the drivetrain. This section will
outline these requirements and limitations, as well as the overall goals for the system.

Rear Powertrain Design Requirements and Limitations

1. Must maintain competition ground clearance requirement of 7in

2. Must comply with competition minimum loading requirements for powertrain
mounting hardware (20g lateral, 8g vertical, SF = 1.5)

3. Must limit axial length of system to be be within rear bumper and rear trailer
hitch (512 mm)

52



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

4. Must contain a clutch which disconnects the motor from the wheels
5. Gearbox must be rated for 250 N m input torque
6. Gearbox must be rated for a 7000 rpm input speed

7. Gearbox must be rated for a 6970 km lifetime

The rst two requirements are the most relevant competition rules to the design of
this system. Due to the placement of the rear powertrain under the vehicle, ground
clearance is directly e ected by the design and placement of the motor and gearbox.
The rules around the design of powertrain mounts are also directly applicable, with all
mounting hardware having to meet a loading requirement &0 gin the four lateral
directions, and8 g in the two vertical directions, with a safety factor of 1.5. This was
evaluated using FEA, and will be discussed in Section 5.6.

Requirement 3 again pertains to the speci c placement of this system. As the
di erential placement is dictated by the rear wheels and rear cradle design, the rest
of the system must maintain an axial length of less thaB12 mmto not contact the
rear trailer hitch. Requirement 4 exists for two reasons. Firstly, so the motor can be
disconnected when not in use, such as high speed highway operation where torque
demands are met by theCE, to protect the system from unnecessary high speed
operation. Secondly, in the event of a failure somewhere in the system, the clutch
will disconnect the motor from the wheels, protecting the motor from further damage,
while allowing the vehicle to continue to operate and enter a reduced functidGE
only mode. The MAC team has experience with the YASA P400 being damaged in
the previous Camaro project. One suspected source of the damage was from excessive
vibrations transferred via the motor output shaft. The disconnection of the motor
when not in use or during suspected system failure is in response to these observations.

Requirements 5 and 6 pertain to the gearbox matching the torque and speed

capabilities of the YASA P400EM. Finally requirement 7 relates to the minimum
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lifecycle distance of the gearbox. The estimated vehicle lifetime &70km using
the competition provided testing glide path. This glide path gives the teams a goal
distance to reach with vehicle testing for each year of the competition. The sum of
these distances and thd45 km Emissions and Energy ConsumptionHE&EC) event

at Year 3 and Year 4 competitions gives the overall life cycle. This serves as a useful
estimate of a minimum distance the gearbox must travel without major repairs.

Rear Powertrain Design Goals

Minimise vibrations transferred to YASA P400
Minimise axial length of system
Maximise safety factors associated with system wear over time

Maximise safety factors associated with instantaneous system loading

a &~ W o

Minimise overall system mass

The design goals encompass aspects of the of the system that the team wished to
maximise or minimise. The goals serve as decision making criteria, and therefore are
ranked in order of importance. When two goals contradict each other in their in uence
on a part or system, the ranking shows which will dictate the design.

Ranked as most important is minimising the vibrations transferred to the YASA
P400. This includes vibrations from the rest of the powertrain, as well as vehicle
and road loads. This is ranked rst due to the team's previous experience with these
motors, as mentioned above. The MAC team's ECOCAR 3 Camaro damaged the two
YASA P400 motors installed in it, likely due to a combination of misalignment and
vibrational issues. Therefore to maximise the life of the system, it was the team'’s goal
to minimise these vibrations wherever possible.

Goal 2 is to minimise the axial length of the system. Requirement 3 gives the

maximum allowable value, however the shorter the system the better the rear departure
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angle of the vehicle. As theeEM will be the rst object to scrape the ground in a high
departure angle scenario, reducing the possibility this happens is highly important. A
skid plate has also been designed to protect the motor.

Goals 3 and 4 relate to the longevity and durability of the system. As a prototype
student vehicle, overbuilt systems are a prudent preventative solution to the myriad
of unforeseen load cases the system may encounter over its lifetime. As shown in
Section 2.3, past ECOCAR vehicles have failed as a result of excesdivéH loads
not included in vehicle analysis, especially in areas of torque transfer. These loads
are often impossible to account or test for with the resources available to student
teams. Therefore for this system the team has decided to maximise the safety factors
of the analyses, to ensure success in the competition irrespective of any unforeseen
circumstances. For this vehicle, long term durability was prioritised over instantaneous
loading. This is because the team has a lower con dence in the analyses used for long
term durability than that for the FEA used for instantaneous loading. This can be
seen during the gear analysis in Section 5.3, where no data is available for some of the
factors used in the International Organization for StandardizationISO) 6336 analysis.
Additionally, this vehicle is not performance oriented, being used predominantly on
standard drive cycles with consistent and slow ramping loads. This is contrasted to a
performance vehicle, such as the ECoOCAR 3 Camaro, in which performance driving
was emphasized in Wide Open Throttle\WOT) events and the shock loading of the
drivetrain.

Finally goal 5 is to minimize the overall system mass. This is ranked last in terms
of priority to match with the team's overall goals stated in Section 3.1, in which fuel
e ciency is ranked third and vehicle performance is absent. Lightweight components
make the vehicle more e cient, as well as reduce the loads on the mounting hardware

to meet requirement 2. However, this does not take priority over the durability concerns
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which will be a larger factor in the success of the team overall. The vehicles that

historically score the most points at competitions are those that run reliably.

5.2 Rotated Di erential and Modi ed Rear

Cradle

As discussed in Section 3.3, the rear cradle of the vehicle is being modi ed to accept a
rotated rear di erential. This was done as the alternative packaging solution caused
problems forESSplacement, as well as requiring a more complicated waiver process
involving seat mounting modi cations. The design and modi cation of the rear cradle

is headed by an undergraduate student on the team, and therefore the design decisions
will not be discussed in detail. However the relevant changes as they relate to the rear
powertrain will be summarized here.

The di erential being used is the stock unit from the ECOCAR 3 Camaro. The Rear
Drive Unit (RDU) from the Blazer is designed foAWD applications, with a built in
clutch to engage and disengage the rear wheels. On its face this seems advantageous,
meeting design requirement 4 with an all-in-one solution. However, the clutch controller
located on theRDU cannot be controlled by the team's vehicle controller. Th&DU
controller takes in numerous vehicle dynamic signals and determines when to activate
the rear wheels, as opposed to taking in a simple binary coman&M advised all
teams that it would be di cult to repurpose the RDU, and that technical support
would be unavailable as the controller was made by an outside contractor, NGtV
itself. The Camaro unit is a Limited Slip Di erential (LSD) with a ratio of 2.77:1.

The modi cations to the rear cradle involve cutting a large segment from the rear

cross member to allow for the di erential input to pass through. Two di erential

56



M.A.Sc. Thesis { Andrew R. George McMaster University { Mechanical

mounts have also been incorporated into the modi ed design. Unfortunatel)yDA
restrictions do not allow Computer Aided Design CAD) images of the modi cations

to be presented in this forum.

5.3 Gear Sizing and Design

This section will outline the design of the gear pair used in the rear powertrain. To
determine the optimal gear ratio, the vehicle Simulink model was used. Simulations
were performed with overall vehicle gear ratios ranging from 2.8:1 to 8.4:1 in increments
of 0.1. The lower limit is simply the ratio of the chosen di erential, rounded to one
decimal place for simplicity. The upper limit is the maximum gear ratio that allows
the rear axle to reachl30 kneh at the maximum EM speed of7500 rpm This speed

is chosen as it is the maximum speed of the US06 drive cycle, and the maximum speed
the vehicle would need to reach in the competition. These were then evaluated to nd
the gear ratio that yielded the highest fuel e ciency over the competition drive cycles,
which was 5.2:1. Given the di erential's ratio of 2.77:1, the gearbox ratio must be
1.877:1. An excel spreadsheet incorporating all gear calculations was made in order to
iterate through di erent combinations of module, helix angle, number of pinion teeth
and face width. The nal gear ratio achieved with feasible gear tooth numbers was
1.87:1, giving an overall ratio of 5.18:1. The nal gear speci cations can be found in
Table 5.1, with technical drawings in Figures A.5 and A.6.

The decision to design gears as opposed to purchase them was made to better
tailor the system to the team's needs. All ve of the team's design goals could be
better optimized for using custom designed components. Helical gears were chosen to
reduceNVH in the vehicle overall, and speci cally around theEM. The face width

was minimised to35 mmto reduce axial length, while maintaining suitable strength
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