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The Impact of a Microturbine Power Plant

On an Off-Road Range-Extended Electric Vehicle
Andrew Wyatt Zetts

ABSTRACT

The purpose of this thesis is to examine the lidagiof using a microturbine to power
an off-road Series Hybrid Autonomous Vehicle (SHEAf)d evaluate the benefits and
drawbacks inherent in using a microturbine rathantan Internal Combustion Engine (ICE).
The specific power plant requirements for a lowespleybrid vehicle that must operate
extensively as an Electric Vehicle (EV) and runJéh8 (a diesel equivalent) are unusual; few
options can adequately address all of these neddst development of Hybrid Electric
Vehicles (HEVs) has focused on gasoline ICE poveentp, but Diesel ICEs are heavier, which
has an adverse effect on EV range.

While mechanically-linked turbine vehicles failedhave the same performance abilities
of their ICE counterparts, a microturbine genergimwered SHEV can take advantage of its
battery pack to avoid the issues inherent in itshmaaical predecessors. A microturbine
generator is mechanically decoupled from the paaertallowing for an incredibly power
dense power plant that lightens the weight of #@iale. This weight reduction directly
correlates to an increased EV operational randeareng mobility, stealth, and the tactical
effectiveness of the squad that the vehicle isuée to support.

To determine the full impact that a microturbingghtihave on this specific SHEV,
modeling of the vehicle was conducted to directignpare a microturbine and an ICE power
plant using two drive cycles that were designesitaulate the typical operation specific to the
vehicle. Drive cycle analysis revealed that theriowpd EV performance and design flexibility
offered by the microturbine’s weight justifies thelection of a microturbine over an ICE for this
specific case. This decision is dependent upoaraefactors: a microturbine with fuel
efficiency comparable to an ICE, the selection t#rge battery pack, and an emphasis on EV
operations.
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Chapter 1 PROBLEM DEFINITION AND APPROACH

1.1 INTRODUCTION

It has long been the desire of the Ground Unmasggport Surrogate (GUSS) program
to develop a hybrid vehicle for silent EV operation scenarios requiring stealth. Work in the
Applied Autonomy Lab at Virginia Tech has yieldegearch papers and a proof of a concept
vehicle to support the feasibility of this idean drder to further explore opportunities to improve
performance and increase EV range, it is the goli®thesis to explore the benefits of
incorporating a light-weight microturbine electgenerator as a power plant.

This chapter begins by presenting the argumentatimaicroturbine power plant-powered
series HEV could be an attractive alternative iogia heavier diesel generator in the form of a
thesis statement. The second section will briedlyer the history of using turbines to power
vehicles, both in mechanical and electric form&e Benefits and drawbacks of a turbine-
powered vehicle will be reviewed to explain whyaetadvances in microturbine electrical
power generation may succeed where mechanicaheigower plants could not.

The third section will define what role the platfowill play in autonomous squad
support. Before attempting to quantify vehiclefpanance, it is essential to address how the
vehicle will be used, both manually and autonomyusihis thesis covers three very broad
topics: HEVs, microturbines and autonomous grougtdales; it is imperative to first define the
nature of the application before addressing eashdsubject in order to hone in on specific
areas to make design decisions. Finally, the émldichapter serves to outline the thesis, from
the technology review to quantification of vehiplerformance, evaluation of the results, and
final conclusions.



1.2 THESISSTATEMENT

This thesis is a study of the efficacy of usingnoturbine-based power plant for use in
off-road military support vehicles (hybrid autonomscand remote controlled), and the design
considerations inherent in using a microturbinbeathan an ICE. In order to comprehensively
compare the implementation of a microturbine veesu$CE, one must understand the
differences in operation between a microturbine@mdCE. These differences fundamentally
impact the relationship between the power plantlzattery pack in meeting power demands.

Because a microturbine generator is not mechayiliaked to the powertrain, a
microturbine power plant limits the vehicle struetwo that of a SHEV. This is unlike an ICE
power plant, which can provide other methods opphtiing the vehicle with both mechanical
and electric dynamic loads. This limitation is ohegl to be acceptable, as previous research has
suggested that a SHEV structure would best suitlBvi-GUSS.

There are other key differences between microterbimd ICEs that must be addressed.
A microturbine cannot quickly adjust to dynamicdsanor operate as efficiently at lower loads
as an ICE. This limits a microturbine power plarability to operate in different charging
control strategies. For the purpose of this thekis is also considered acceptable and the
performance of the ICE and the microturbine ardea@luated under identical thermostat
charging strategies.

To better understand the difference in operatichatacteristics between the power
plants, several case studies were conducted tctigimmpare and analyze the performance of a
microturbine power plant versus an ICE power piandentical vehicles using drive cycle
analysis. This was done to quantify the effecéd theight and fuel consumption have on vehicle
performance while the vehicles are subjected toatjpm profiles typical of how the HEV-

GUSS is specifically intended to be used.

The main impetus for constructing an HEV-GUSS isottmw and support a squad
during patrol operations in situations which maguiee stealth. The vehicle, designed upon a
6x6 Polaris Ranger, must be designed to operateialigirat speeds up to 40 miles an hour,
autonomous speeds up to 8 mph, and carry 200G leater, supplies and ammo. In designing
the vehicle to meet these design requirementsirgatasis on improving the EV range of the
vehicle is imperative. Through the results of savease studies, the weight reduction
associated with using a microturbine is shown teatifvely boost EV operational range from
that of an ICE-powered vehicle, with the additiobahefit of offering vehicle design flexibility.
This reduction in weight allows for an increasegllpad, and/or a larger battery pack to increase
EV range while still outperforming the ICE-poweneghicle. These two facts are strong
endorsements for using a microturbine power plant.

However, power plant selection must also be baped tuel efficiency. A
microturbine-powered HEV-GUSS must have a totakajp@nal range that is comparable to an
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ICE-powered HEV. No significant amount of weightvggs can change the fact that the
operational range of the vehicle is limited to thel tank and the fuel efficiency of the power
plant. Unless a microturbine power plant can mshto have the same tactical range of its ICE
counterpart, it is a liability to the squad it sops.

Therefore, in light of 1) further development ofa@hmicroturbines (<30 kW) to improve
fuel efficiency and reliability, and 2) the devetoent of lithium-ion battery technology to
increase the operational range of EVs, a microt@dpowered HEV is a viable design option
with the capability to greatly enhance the tactiale of the vehicle. To determine whether an
ICE or a microturbine vehicle would best fit thehidde’s design, the designer should take into
account desired EV range (battery size), vehicleggaequirements (power plant size), and how
much weight savings will improve vehicle performanc

Ultimately, the objective of this work is to idefytin advance several design
considerations that will be encountered in desigrin HEV-GUSS. While this work focuses
specifically on how a microturbine power plant ¢enimplemented for a superior GUSS
platform, it also outlines an effective tool in @geng an HEV-GUSS. Once battery pack and
power plant sizes have been determined, it wilbdssible to model the impact of a microturbine
versus an ICE power plant. Though these finalmpatars may differ from the ones used in this
thesis, this thesis demonstrates the overall patesftmicroturbines and examines why it would
be prudent to consider a microturbine powered Gpl&gorm.



1.3 BACKGROUND OFTURBINESPOWEREDVEHICLES

After the advent of jet-powered aviation, autometmanufacturers began to consider the
gas turbine as an alternative to the ICE for sé\atactive reasons. Unlike an ICE, a turbine
could run on a number of different fuels and waitghificantly reduce vehicle vibration. The
implementation of a gas turbine would also redheenumber of parts and servicing hours- an
attractive selling point for consumers. Upon depelig the regenerator, manufacturers were
able to develop fuel-efficient turbine-powered darsevaluation.

Unfortunately, efforts to bring turbine-powered iaés to market were hampered by
several issues; performance at low RPM was anembgroblem, causing throttle lag when the
vehicle was at complete stop, as well as highdoasumption at idle. The high cost of a turbine
power plant was also a major inhibitor.

Although these issues effectively eliminated theeligoment of a commercial turbine-
powered vehicle, Chrysler was able to develop laiterpower plant for a mass-produced
vehicle: the M1 Abrams tank. The M1 Abrams tan&sua 1,500 hp turbine, which has proven
to be reliable over the lifetime of the programheTweight and space savings allow for increased
protection, at the cost of a higher rate of fueistomption (10 gallons per hour at idle). This
high rate of fuel consumption is a serious logssigsue and numerous efforts have been made to
develop a replacement power plant to reduce icddedonsumption.

The most recent development for turbines in theraotive industry has been in hybrid
vehicles. Development of the microturbine industnyauxiliary power generation led to highly
efficient and power-dense power plants valuedHeirtability to accept various fuel sources.
Microturbines, offering light-weight electrical p@awvgeneration from a variety of fuel sources
with lower hazardous air pollutants than ICEs fithved to be an attractive alternative to the
ICE. The experimental EV1 Series hybrid incorpedad 40 kW turbine APU to extend the
vehicle’s range by recharging the battery pack.rétecently, Jaguar developed the C-X75, an
EREYV supercar using two 70 kW microturbines weighumst 35 kg each. The weight savings
of the power dense-turbines was crucial to imprgvire performance of the vehicle. At the
time of this writing, there are production EV busséiich use microturbines as range extenders

[2].

The SHEV power structure enables peak power avtte=l motors at 0 RPM because
the powertrain is electric; therefore, the laggiogver issues that occurred when the turbine was
mechanically linked to the wheels via gear boxedirinated. Furthermore, the elimination of
the need for the turbine to operate at varying dpemables the turbine to only operate at its
efficient operating point.



1.4 BACKGROUND OF THEGROUND UNMANNED SUPPORTSURROGATEPROGRAM

1.4.1 GUSSMISSIONGOALS

Developments in ground autonomous vehicle techryot@aye opened up numerous
possibilities for the military to exploit for tactll advantage, including reconnaissance,
IED/ambush detection, and logistics operationsic&at least 2009, the Marine Corps has been
actively exploring the development of autonomousigd vehicle technology for
reconnaissance, logistical, and casualty evalugimposes [3]. As a result, the Marine Corps
initiated the GUSS program to assist Marines infigeld with the following missions:

1. Logistical support in squad-level operations, aadying water, supplies and ammo
that the squad would otherwise have to carry om baeks. This resulted in a lighter
squad for increased tactical mobility.

2. Casualty evacuation, which would allow Marines wituld otherwise be carrying a
litter to be free to provide medical assistancenamtain area security, while on the
move.

3. Reconnaissance and IED detection without puttingdrulives directly in the line of
fire.

The two previous iterations of the GUSS programensmventional vehicles designed
for these scenarios. The ability to operate siemsth as to not bring unwanted attention to the
squad that the vehicle is supporting, would proddeadded benefit. A SHEV would have the
ability to do this.

1.4.2 PREVIOUSGUSSVEHICLES

The Marine Corps efforts to research and devel@ptéithnology resulted in two
iterations of Ground Unmanned Support Surrogate6&)J/ehicles. The first iteration was an
initial evaluation of the technology using a fleétPolaris MVRS 700 6x6 vehicles, seen in
Figure 1-1.



Figure 1-1

First generation GUSS platform. Axe, D. (2010,yJaD).
Unmanned Systems: Marine Corps Bets on Robotic Mule
Retrieved February 20, 2015. Used under fair 28&5.

Due to the success of the platform and positiedlback, a second generation was
developed as a program of record. Starting in 2012second generation GUSS (GUSS-ITV),
seen irFigure 1-2 used the Internal Transportable Vehicle (ITVpgdatform. GUSS-ITV was
evaluated in war-games during RIMPAC 2014 to furtihealuate the tactical effectiveness of the
platform in the field.

Figure 1-2
ITV-GUSS, the second generation GUSS platform. eDsé¢
Update: (2014, August 1). Retrieved February 20526rom

http://defense-
update.com/20140801 |s3 quss _robots at awe.htm&tK/O

vnF9jl Used under fair use, 2015.



The common complaint about both generations of SMéhicles is that they are noisy
and bring attention to the vehicle’s position. Hmplied Autonomy Lab has already made
efforts to address this issue, including thesiskvaord a 2-year senior design project, which
would involve the development of an HEV capabl&wfoperation. This research has yielded
some important design metrics in defining how arldybed GUSS would be operated. These
definitions will be critical for the next chaptef this report when reviewing HEV technology.

1.4.3 HEV-GUSS Performance Standards

Based upon the numerous evaluations of the 2 GUEfmns in the field, the HEV
platform would be required to operate in two distioperations: autonomous and manual
operation. While autonomous operation can be cheniaed as being relatively close to the
speed of a human being (3-8 mph), manual use ofdhigle would be much more strenuous,
with speeds of up to 40 mph in off-road conditions.

A hybrid GUSS must be designed to meet the follgvdriteria:

1. Off-road capability: grade ability and fording acdimg to military specifications

2. Autonomous stealth operation

3. Manual use of speeds up to 40 mph, necessitajoogvar plant between 10-40
kw

4. Payloads of up to 2000 Ibs for logistical support

5. Use JP-8 as a fuel source

6. Meet flight certification standards for air transpo

These criteria will be very useful in making seve@sign decisions. For example, since
the vehicle must be able to run electric-only fteaded periods of time, certain hybrid
structures can be completely disregarded, as wiiden in the next chapter.

1.5 THESISCONTENT

Based upon this introductory chapter to the reguageplication, it is necessary to do a
technology review to familiarize the reader witle toncepts of HEV and microturbine
technology. Chapter 1 has thus far defined thelpro statement of the thesis, and briefly
covered how a microturbine power plant can addifesse issues.

Chapter 2 will familiarize the reader with the cepts discussed in this paper. The
overview of HEVs and microturbines introduces mahthe considerations used to design the
vehicle model developed in Chapter 3. It is imaotto note that any decision to disregard
certain vehicle or power plant options could baesis topic in and of itself. Unfortunately, this
thesis is restricted to a very specific case study.

Chapter 3 will cover the process in which the vighinodel was selected and how its
performance was quantified. Many of the designgileaes (such as a chassis) for an appropriate
GUSS platform have been established in previowsareh papers generated from the GUSS
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program. However, there are several design coratidas that will vary based upon weight,
power plant, and battery pack size. These coraides will be addressed to familiarize the
reader with what the model simulations were designeevaluate. This section will also delve
into how the performance of the vehicle was quaeadifthe design and analysis of the drive
cycles (including but not limited to road loadsttbey pack power, power plant performance,
and fuel consumption).

Chapter 4 serves to evaluate vehicle performaniog tise model designed in Chapter 3.
First, it will define the various pivot points foomparing design points such as battery size,
power plant efficiency, and weight to familiarizeetreader with the simulations evaluated in this
section. Finally, the data for these pivots wélffiresented and commented upon.

Chapter 5 will evaluate the results presentedemptievious section, examining both the
benefits and drawbacks of the various variablgday. From these results, a conclusion will be
reached that comments on the pros and cons of mibioe technology, the limitations of the
technology today, and that speculates about futopeovements.

Finally, Chapter 6 will touch upon future work amethods that could further refine the
work already conducted. While this thesis coveis af material, it is still very limited in
scope. While enough work has been conducted itintegze the results of this thesis, there is
more analysis that can be conducted to furthedévelopment of a microturbine-powered HEV-
GUSS.



Chapter 2  TECHNOLOGY REVIEW

2.0 CHAPTERINTRODUCTION

The following chapter serves to review the twommibjects discussed in this thesis:
HEVs and microturbines, and the roles they wousd/mh an autonomous vehicle. The reader
will be familiarized with the many issues and colesations associated with designing a model
and evaluating the impact of a microturbine vsIGia.

2.1 HYBRID VEHICLES

2.1.0 SECTIONSUMMARY

To properly understand the implications of incogirg a microturbine into a hybrid
vehicle, or indeed, hybridizing an autonomous vehiene must be familiarized with the various
factors that go into designing a hybrid vehiclénisTsection discusses types of hybrid vehicles
(in addition to electric vehicles), different typaflspower plants, and energy storage technology.

2.1.1 THEORY OFHYBRIDVEHICLES

For the purpose of this paper, an HEV will be dedims a road/off-road vehicle that uses
at least two different power sources for propulsguch as a power plant and an energy storage
device. For example, a typical configuration diyérid vehicle consists of an ICE and a battery
pack, which work in conjunction to improve the aalépowertrain efficiency of the vehicle.
This section will define the HEV powertrain struetubattery type, and the power plants
selected for evaluation in this thesis.

2.1.1.1. HEV Structure

Series HEV (SHEV) A simplified overview of hybrictkicle powertrain design consists
of 3 configurations: Series, Parallel, and Parsleties. Figure 2-1 demonstrates the
configuration of a series vehicle in which the powkant generates only electrical power, which
can flow both directly to the drive train and ttedtlery pack. If additional power is required, the
power plant is supplemented by the battery pack.

'WHEELS

Power Plant
& Battery Pack Motor Driver > Motor
Power Conditioning

Battery Pack GND’ tery Pack GND:

Figure 2-1 Basic configuration of a Series HEV



A SHEV configuration allows for the power planttie operated at constant and efficient
rates since it is decoupled from the wheels. S8&IEV has an electric-only powertrain, it can
be powered solely by the battery pack, which isefieral in city driving or driving characterized
by low speeds, frequent stops, and extended idle. tilUnfortunately, SHEV performance
suffers at higher sustained speeds due to incréasgeks in the electrical powertrain, and
increased battery fatigue due to higher electtaadls. According to the design requirements of
HEV-GUSS, this structure meets all the criterieeqtient stopping, extended idling periods, and
low peak power requirements compared to road md@#s, as will be demonstrated later.

Parallel HEV A parallel HEV uses the power plangemerate both mechanical and
electrical power to the drivetrain. In this methtte power plant can directly transfer power to
the wheels via mechanical coupling in additionupmemental electrical propulsion from the
battery pack. Unlike a SHEV, a Parallel HEV pemnisrbetter at high-speed driving. This
method typically does not allow for electric-onlgevation, instead requiring the engine to be on
during idle times. For this reason, Parallel HEMsformance suffers in lower-speed city
driving. This type of HEV is sometimes referrecaa “Mild” Hybrid. Due to the inability of a
Parallel HEV to efficiently operate off of battgppwer only, this structure can be effectively
ruled out as being a viable option for the HEV-GUSS

Series-Parallel HEV The Series-Parallel HEV camctmaeically decouple the power plant
from the motor, allowing for mechanical only, hylyrand electric only operation. This power-
split strategy is incorporated via several methad&ull” HEVs such as the Prius and the Chevy
Volt. This arrangement allows for the vehiclgtrform better in city driving than a Parallel
HEV and typically outperform a SHEV in highway drig.

Unlike the parallel structure, the power-split sttue is a viable option for HEV-GUSS.
This structure would be particularly beneficialhe vehicle was used extensively in long-
distance, manually-driven convoys, as direct meicahpower would decrease the electrical
strain on the battery pack. Since a microturberenot generate mechanical power, this structure
could only be used with an ICE. However, the adddl weight of a transmission and an
additional gear box would be dead weight in eleetrily mode, thereby reducing the vehicle’s
operational range. Even in non-stealth autononopesations, it would be rare for mechanical
power from the plant to be necessary at top speet’s mph. For the purpose of this thesis and
the consideration of a microturbine power plantickicannot be efficiently coupled to a gear
reduction box for mechanical power - due to itslégiae and design - the Series-Parallel
structure can be ruled out.

2.1.2 POWERPLANT TOENERGYSTORAGE RELATIONSHIP
2.1.2.1. Battery/Power Plant Relationship

In addition to the various powertrain configuraBpREVs can also be characterized by
how electrical energy supplements the power pldihis in turn directly influences the sizes of
both the power plant [6] and the battery pack desigust as the power plant can be sized for
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peak power demands, battery packs can also bengelsig have high power density for peak
power loads, or high energy capacity for increagggkndency on electric-only operation. Due
to the SHEV’s complete reliance on electrical ptejmn and the desire for extensive EV
operations, the HEV-GUSS will emulate the desigaroElectric Range Extended Vehicle
(EREV). An EREV is much like a Plug-In HEV, buitiwmore of an emphasis on EV-only
operations.

Plug-In HEVS(PHEVSPHEVs are designed to take advantage of tricklegthg the
battery pack up to the initial 90% state of chgl$@C) via an external power source, such as the
power grid, like an EV. A PHEV operates in two medCharge Depleting (CD) and Charge
Sustaining (CS) [7]. The strategy behind CD ipaaver the vehicle with the battery pack
without the power plant while at a high range ofGS®hen the battery’s charge acceptance is
low. Once the SOC drops down to a nominal leve,gdower plant is then used to supplement
power to the road and maintain the battery packratdhat nominal SOC, just like a mild HEV.
There is a second type of CD in which the powentpkaturned on during peak power loads to
extend the operation of the vehicle at a high SQhd particularly high power demands. This
is referred to as a Blended Charge Depleting m8tle [

Electric Range Extended Vehicle (EREWlike a PHEV, an EREV is designed to
operate completely on electric power, and has aep@ant that functions as an APU only to
keep the battery charged within a desired SOC rar\iynereas a PHEV uses the initial fully-
charged battery pack to boost the range of thecleebefore operating as an HEV, an EREV
operates as an EV before engaging the power pdddp the battery from fully depleting past
the accepted minimum level. Since the vehicletropsrate for extended periods in EV mode
and contains a power plant, the EREV-style bafpagk is most in line with what is desirable for
the HEV-GUSS designed in this thesis.

2.1.2.2. Opportunities for External Charging

One of the biggest issues for electric vehicles@ng-in hybrids on the market today is
the lack of a widespread charging station netwakkhile seemingly counterintuitive for a
military off-road vehicle designed to operate imgge locations, HEV-GUSS would most likely
have access to generator power. Much like the Iidape proverb about armies marching on
their stomach, the modern military relies equaliynauch upon fuel and electrical power.
Bases, Forward Operating Bases (FOBSs), supply degntl locations with any sort of command
center have large 30 kW generators dedicated fjoikge¢he power running, and they often run
at a fraction of their maximum load. Adding a GUB3he generator’s existing load would be a
fuel-efficient method of boosting the vehicle’s ganespecially if the squad is running
operations out of the FOB in question. This wdutdespecially effective when used in
conjunction with autonomy and knowledge of the fefigth and duration of an autonomous trip.
If the vehicle were to know how far it had to triireorder to complete its mission and charge
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externally, the vehicle could plan its chargingstgy to arrive at the charging station with a low
state of charge and extra fuel left in the tank.

2.1.2.3. A Review of Power Plants

Although this thesis focuses on using a microtwlpower plant, it is important to
review the many options for JP-8 fuel-based povegregation that exist, both proven and
developing. The design structure that has beakstted thus far dictates how the power plant
is used. The role of the power plant in a SHE¥ampletely different than that of a vehicle with
a mechanical coupling between the power plant hkedvheels. Two well-known SHEV control
strategies for power plant operation are known @8seamostat Control Strategy, and a Series
Power Follower Control Strategy [9].

A basic thermostat control strategy allows thedygitpack to drain to a certain minimum
battery level before turning on. The power plaiik tiven run until the battery reaches a set
maximum charge level. Ideally, in this method, plogver plant will be sized to generate the
average amount of power consumed over the drivie cygince the battery pack will provide
any peak power requirements, the power plant yilirate efficiently at a constant load when in
use.

In a power follower strategy, the power plant playsore direct role in generating the
power required at the wheels. Power generatetidplant is intended to largely bypass the
battery pack go directly to the wheels, decreagiegamount of power required from the battery
pack. In order to accomplish this, the generatostrbe able to generate different levels of
power intermittently while using the battery paolefficiently buffer the changes in loads on the
plant [10]. Like the thermostat strategy, the pkarves to charge the battery pack if the battery
is below a desired minimum level, and if the podeemands are low enough, the vehicle will be
powered solely by the battery pack. This stra@gyids losses from charging/discharging the
battery pack as seen with the thermostat stratelgizh relies more heavily upon the battery
pack.

Internal Combustion Engines (ICE)Es are very good at providing mechanical power to
dynamic loads at various speeds in conventionatiesh However, in the instance of HEV-
GUSS, electrical operation of the wheels allowsI@ie to operate at a single speed, and ideally
at a point of high efficiency. Because the mijtaniversally uses JP-8, a compression ignition
ICE would need to be used. Diesel ICEs, althougherefficient than gasoline ICEs, are
typically heavier due to the higher pressure leeelsountered during the diesel cycle. Diesel
electrical power generation is a very mature afidbie technology.

Figure 2-2 is an example of how power plant efficievaries across the full range of
engine speeds. This normalized graph demonstiate®fficiency decreases at lower loads.
One benefit of a diesel generator is the abilitpperate over a wide range of power levels at
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high efficiency. This is a critical difference frothe efficiency of a microturbine, which will be
discussed next.

Normalized Power Plant Load vs Efficiency
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Figure 2-2 Comparison of normalized efficiency @gvor a diesel generator and a microturbine.

MicroturbineMicroturbines are small turbines that generate dreye between zero and
300 kW, which is distinctly smaller than industriatbines. Microturbines have an extremely
high power density when compared to an ICE generdtor this reason, microturbines have
been incorporated in several HEVs, from the GM Béties, to the Jaguar C-X75 microturbine
powered E-REV super car. For example, the C-X&&suwo 75 kW turbines weighing just 35
kg each [11] to supply power once its battery padkepleted.

A microturbine is most efficient at full throttlesith the efficiency drastically decreasing
at lower loads. This limitation indicates that eraturbine-powered SHEV will have to be
powered by the full load of the microturbine, retjass of the power demands at the time. A
disadvantage of the scaled-down size of a micrataris that the efficiency of the unit is limited
by the small size of its compressor and turbineeldheA typical simple single-cycle
microturbine has efficiency much lower than an ICE% versus 40% [12], although taking
advantage of the exhaust with a recuperator castlibe efficiency of the turbine considerably.

Finally, unlike an ICE, a microturbine cannot imriegdly respond to changes in loads
[13]. Cold-starting a microturbine requires warmiiume in order to allow the turbine to
thermally expand before full throttle. Althoughghvarm-up time is very short due to its small
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thermal mass, this delay makes the short spupewer production that are typical in Blended
CD operation all but impossible.

2.1.2.4. Energy Storage Technology

An HEV’s ability to buffer an undersized power plaoperate without a running power
plant, and store excess energy from regeneratalariy are arguably the most important
features an HEV provides. None of these featumddwe possible without an effective
method of storing electric energy. Indeed, thereibf successful marketable PHEVs and EVs
depends upon the maturation of energy storage témiypn  Of particular interest in the HEV
field is the development of Lithium lon (Li-ion) emistry batteries and super capacitors.

Battery Chemistry While lead acid batteries arentfost common in automotive use, the
low energy density of the battery chemistry limigsuse in hybrid vehicles. In today’s market
there are two chemistries that are most commordg:.ufNickle Metal Hydride (NiMH) and Li-
lon. While NiMH is the most commonly used battehemistry in the industry today, Lithium
chemistries are considered the most promising tyaiéehnology. It is important to understand
the tradeoffs between the two chemistries in otdeletermine which is most suitable for the
platform.

Battery Pack Desigm order to understand the constraints of battagkplesign, it is
important to understand the relationship betwedtebapower and energy density. The
physical design of the battery consists of elegspdeparators, and electrolytes. Cell voltage is
determined by cell chemistry, energy capacity ieeined by the mass of electrolytes, and
power is determined by the surface area of thdreldes. The design of the battery hinges upon
the volume/surface area relationship of the elédte and electrodes, and the inherent tradeoffs
between specific energy and specific power thatlte§ he surface area of the electrodes also
directly impacts the internal resistance of thadygtpack.

The relationship between power density and eneeggitly is important in the design of a
microturbine-powered HEV. Consider the fact tiat ¥ehicle is intended to be an EREV, with
an emphasis on EV operations. For EV battery paskargy density is of utmost importance, as
the EV’s range is limited by how much energy ishea battery pack. As a result, an EV battery
pack is not designed for the high-powered chardisgharging that one might see in a medium
HEV.

With the low power requirements specific to the HEWUSS (which will be
demonstrated later), this wouldn’t normally woulkel¢bnsidered an issue. However, sustained
high-powered charging from a microturbine will @it that the battery pack be designed to
sustain higher charging currents than would be sssrg with an ICE. This may result in
sacrificing energy density (and EV range) in ortelbe able to use a microturbine.
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Safety, Cost, and Durabilitther design factors include longevity, safety, aost.
Safety is the ultimate limiting factor, due to higlrrent loads and the inherent risk of physical
damage to the battery pack. In the automotivestrgiucost plays a huge role in the size of a
battery pack; additionally, the pack will degradetime. This can be caused by many issues,
including the number of deep and shallow cyclesyaas calendar life.

Temperature is also a factor in the performanddé@battery. The thermal properties of
the battery pack are largely affected by the irdermpedance of the pack, and must be
accounted for when charging/discharging. Cold iweraadversely affects energy capacity and
power density of the battery. Overheating the paskcause permanent damage or decrease the
life span of the battery. Since military vehicles/e to operate in a wide range of climates, this
is no trivial matter.

Because a series hybrid powertrain is completagtat between the power plant and
the motors, the battery pack is utilized much nibes other structures. This increased
dependence on the battery pack results in a higlmaber of battery cycles, and an elevated rate
at which the batteries degrade. One of the negaspects of using a microturbine as a power
plant is that the battery pack needs to be chaagéte microturbine's maximum output for
efficiency. This will age a battery pack fastearttan ICE power plant, which can maintain high
efficiency at lower loads to preserve the battexgip

State of Charge (SOC) and Depth of Discharge (D&B)}ommonly used to describe
the state of the battery in terms of the amournargy left in the pack [14]. DOD typically
describes the range of battery use in a cycleicpgatly when examining the degradation of the
battery over time, from both shallow and deep cclénowledge of a battery’s SOC is
extremely important since the performance of théebavaries based upon SOC. Cell voltage
and the cell's discharge rate decrease as the @O€askes, while the charge acceptance rate of
the battery increases. Overcharging or dischanfiedpattery can damage the battery and pose a
safety risk. Accurate SOC estimation is essetuiah effective control strategy, as it directly
impacts vehicle performance as well as the hedltheobattery. SOC estimation is conducted
via methods such as voltage degradation or Coulooointing, which integrates battery current
over time. Kalman filtering is usually used to dane voltage and current measurements for
more accuracy.

Charge/Discharge Characteristidse behavior of a battery chemistry’s charge and
discharge rates across the entire range of SOssenaal for an effective control strategy. It is
important to know how the discharge characteristresgoing to change as the battery is
depleted, as they can affect vehicle performarices. likewise important to know how the
charge acceptance of the battery pack is goinhaoge over time. For NiMH and Li-ion
chemistries, charge acceptance decreases congydizcah around 80% onwards. At higher
SOCs, the battery pack must be closely monitorexhsure that overcharging does not occur.
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The range of SOC operation for a battery pack dégpen how the HEV is designed.
The limits of SOC operation are largely dictatedly charge/discharge acceptance of the
battery pack at those states, and the range ofeuS&IC is dictated by the desired amount of
energy for use by the vehicle. Thus, mild and medHEVs typically operate between an 60%-
40% SOC in short-powered bursts; EVs will operata much larger SOC range, such as 90%-
25% in lower powered operation for a larger rangepration [15]. This SOC range is what is
considered to be the battery’s usable energy.ekample, the Chevy Volt has a 16.5 kWh
battery pack, of which ~ 11 kWh is usable energgr & EV, the amount of a battery pack’s
usable energy is directly related to the total eanfithe vehicle, necessitating a large range of
SOC. With an increase in DOD also comes a dealdaasttery life, so a balance between usable
energy and DOD is necessary for a successful ptoduc

Charging a Battery Pack with a Microturbine vs @& IThe previous section introduced
several important concepts that directly impact liogmicroturbine power plant will be used.
Both PHEVs and EREVs utilize the Charge Deplet@igarge-Sustaining and Blended
strategies. As was previously discussed, oneeoflistinct limitations of the microturbine is that
it cannot immediately (<30 s) provide blended pofeershort durations (e.g., scaling a steep
hill). Another limitation is the inability of micrtoirbines to efficiently charge a battery pack at
partial loads. Parts of Chapter 5 will be dediddteanalyzing the fuel losses from spooling up
to full load, and battery fatigue from chargindudt loads to examine the drawbacks of using a
microturbine. However, it should also be noted thae to weight savings, a turbine-powered
vehicle would decrease peak and average power dt@reby reducing charge and discharging
rates mid-cycle, which would be beneficial to thedevity of the battery pack.

2.2 MICROTURBINES

2.2.1 SECTIONSUMMARY

This technology review of microturbines servesdwear the basic thermodynamic
principles of gas turbine power generation, théonysof the development of microturbines, and
the operational characteristics of microturbin®scroturbine power generation is a relatively
young industry, and it is important to understamel driving forces in the industry today as well
as its current limitations. It is important to listcally evaluate the maturation of the
technology, the efforts to improve fuel efficierayd lower unit costs, in order to determine if
this will be a viable option.

2.2.2 BASICTURBINEOVERVIEW

A combustion turbine uses combustible fuel as tle¥gy source to generate power in a
process known as the Brayton Cycle. In the coofs$ke cycle, air at ambient
temperature/pressure (1) gets compressed into hugiion chamber (2) where fuel is injected
and combusted. The resulting high temperature/hpighsure gasses then drive the turbine
blades, generating before exiting the system (4). serves to power the compressor,
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continuing the cycle, as well as providing mechahpower to other loads coupled to the shatft.
In the case of electrical power generation, thégllavould be the generator.

. Combustion

Chamber
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(2) 3) Gasses (4)
_ Fuel
_Arr?blent_> <«——W Compressor——»- ] W out—»
Air (1)
_— S~
o T~

Figure 2-3 Brayton Cycle

While several industrial generators have a sisgkdt that powers the compressor and
generator, other systems use a series of turbihehwecouple the power shaft from the
compressor shaft. This is usually done to imprsivaft power.

2.2.3 MICROTURBINEOVERVIEW
2.2.3.1. Development of the Technology

The development of small gas turbines was largelyed by the development of jet
engines and turboprops during and immediately ¥ahg WWII. In an effort to design the B-47
bomber, the Boeing Company developed a series all gas turbines to better understand their
characteristics. In 1962, the first gas turbine/@@d cogeneration system was installed using 2
140 kW turbines designed by Boeing. The aerospahestry also developed turbine Auxiliary
Power Units (APUs) for aircraft power, spurringther development.

By the 1960s, major car companies including Chrys3, Ford, Daimler Benz, Toyota,
and Nissan were either evaluating turbine-powegddoles or developing prototype gas turbines
of their own. Unfortunately, turbine power vehgleere never commercially successful. There
were several reasons why gas turbine-powered \eshiekre not successful. Lowering the speed
of the turbine to conserve fuel while idling resdltin limited power until the turbine could spool
up to full speed, a process that took several skcoRroduction costs were also an issue - a fact
that hasn’t changed today - although advances shming have improved manufacturing costs.
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Figure 2-4

1963 Chrysler Turbine Car. Karrmann. (2007, AudLit
1963 Chrysler Turbine Car at the Walter P. Chrysleseum.
Retrieved February 24, 2015, from
http://commons.wikimedia.org/wiki/File:Chrysler 0t

Used with permission from author under terms ofGiNU
Free Documentation License; permission is includdihk.

In the 1970s, development of small combustionitw® continued to improve, as they
benefited from the availability of natural gas.fdffs with the natural gas industry led to the
development of turbine generators marketed towaoslgering air conditioner units in
commercial and factory buildings; this effort ledthe creation of what would later become the
Capstone Turbine Corporation and the developmeat3if kW microturbine. By the end of the
1990s, this market would expand to distributed posystems, cogeneration, and power systems
capable of harvesting waste gasses from combustmn,head gas in oil fields to methane in
waste treatment plants.

The successful development of efficient gas twelalectric generators lead to a renewed
interest in turbine-powered vehicles, althoughdorely electrical propulsion rather than
mechanical; with the advent of increased envirortalawareness of fossil fuels, turbines could
tout low emissions and flexible fuels as a selpognt. In 1999, GM developed the EV1 Series
hybrid prototype, which used a 40 kW single-stagmiperated turbine weighing 220 Ibs. The
vehicle had a highway range of over 390 miles, afuel economy of 60-100 mpg, depending
on driving conditions [17].

2.2.3.2. Microturbine Design

Mechanical The mechanical portion of a microturlgeeerator usually consists of a
compressor, compressor turbine, and free powemidonnected to the alternator. Depending
on whether or not the heat from the exhaust isgoearvested for combined systems, a
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recuperator will also be used. Microturbines taflicuse centrifugal compressors and a radial
inflow turbine, as its simple design increasesat®lity [18], and because thrust is not an issue.
Other microturbines, such as the line designedlbgdh Jet, have been designed with
multistage axial flow compressors for a higher niss rate.

The radial flow microturbine essentially develogesin turbochargers; incorporating a
combustion chamber to drive a free power turbinth wie resulting mass flow. As such,
microturbines operate at a much higher speed trgei turbines (between 90,000 and 140,000
RPM). Microturbines also operate at lower tempees than larger turbines, cutting down on
material costs and improving reliability.

A recuperator is a heat exchanger that transfdratest heat to the combustion chamber
in order to preheat the compressed inlet air gda@ombustion. The impact of adding a
recuperator to a microturbine is enormous; withtbetrecuperator, the microturbine’s electrical
efficiency is cut in half. A stand-alone microtum® must incorporate a recuperator in order to
compete with diesel generators.

Exhaust | |
Gasses Recuperator .
5 Combustion |
Chamber
Fuel
Compressor Turbine
Ambient |
— Abilre > JG—W Compressor—-»{ —W out—>»
== \\\

== ——

Figure 2-5 Turbine operation incorporating a regagor.

ElectricalThe electrical power generated by the alternatbeayily conditioned by
power controls. The system must take an AC cuaketnating somewhere between 90,000 and
140,000 RPM and condition the power to a desirabtput, most often 60Hz AC for industrial
applications. This involves a process of rectifythe AC signal to a smoothed DC voltage,
which is then alternated via PWM using high-spedddrated Gate Bipolar Transistors (IGBTS)
to create a controlled AC power source. In thig,wae turbine is able to sync with a power grid
to contribute to a building’s power load.

Development in high-speed power electronics habledahe microturbine industry to
efficiently condition the generated power, desphfact that a microturbine’s alternator may be
operating over 60 times faster than a diesel géoresalternator. Other than higher speed, the
rectification of AC power to DC is essentially idigal. Since a hybrid vehicle’s power bus is
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DC, the rectified DC voltage can be converted VidGIDC converter to the battery pack
voltage.

2.2.3.3. Current Microturbine Applications

The microturbine industry has found success instrial power generation, not only
from fuel-to-electrical efficiencies comparablediesel generators as seen in Figure 2-6, but also
because of the value of the turbine’s exhaust gas€8g recovering clean exhaust heat,
combined systems such as combined heat and powt)(@dcombined cooling, heat, and
power (CCHP)Xxan be used to further drive down fuel costs.
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Figure 2-6

Fuel to electrical output efficiency of some miendgines in the field today.
Max efficiency mode incorporates the minimum numtfemicroturbines in
order to operate efficiently over a wider rangdoads. Gillette, S. (2010,
November 1). Microturbine Technology Matures - PORVAagazine.
Retrieved January 27, 2015, from http://www.powegroam/microturbine-
technology-matures/ Used under fair use, 2015.

The controlled power conditioning of the microturdiallows for the generator set to
sync with the other sources, enabling turbinessttegate electric power in parallel, in addition
to operating in tandem with the power grid. Anregdée of when it would be beneficial to
operate in tandem with the power grid is Peak SitavPeak Shaving is a cost-effective method
which uses a turbine to supplement the main powerdyring peak production hours, when
energy costs are scaled up.

The ability of a microturbine to operate electiiican parallel is of particular use for a
turbine-powered hybrid vehicle. The simultaneoss of two or more microturbines allows for
efficient turbine power generation over a widergauof outputs, which would not be possible
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with a single turbine of equivalent power produstioThis allows for a lower battery-charging
rate while also enabling the combined power plargustain high power demands without
depleting the battery pack. Figure 2-7 demonstrdesisefulness of this concept.
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Figure 2-7

Part Load Efficiency of 5 200 kW Turbines in paghll Max efficiency
mode incorporates the minimum number of microtuebiim order to
operate efficiently over a wider range of loaddle@e, S. (2010,
November 1). Microturbine Technology Matures - PORVAagazine.
Retrieved January 27, 2015, from
http://www.powermag.com/microturbine-technology-oras/ Used
under fair use, 2015.

2.2.3.4. Characterizing Microturbine Performance and Operation

A microturbine’s power output is directly proporti to mass flow. As such,
performance of a microturbine generator is limitealsed upon the temperature and pressure of
the inlet gas. Therefore, high elevations andémiperatures have a negative effect on
efficiency. The gas turbine industry has set et iair temperature of 59 as the standard at
which to rate a generator’s performance. FiguBed&monstrates just how sizable of an impact
this would have on a hot day in the desert.
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Decrease in Turbine Efficiency as a function oéfrdir temp Datasheet for
Capstone Drive Solution Range Extender. (2010,al3nl). Retrieved February
6, 2015, from http://www.capstoneturbine.com/_d6ég?1100_Drive
Solution_Range Extender_LR.pdf Used under fair R6&5.

As a rule of thumb, the drop in inlet air pressdue to elevation gains results in a
performance loss of 3% for every 1000 feet aboedeseel. While this information is more
important for an aircraft turbine, it is not trivi@r a military vehicle that will need to be
designed for operations in the Himalayas (Afghamsind Pakistan) and for beach landings.

Microturbines require 30 seconds to a few minubegach full power; shut-down
likewise takes a few minutes for a controlled acdoivn. A system containing a recuperator will
take longer to cool down due to the amount of tlmenergy present within the recuperator.
This is a glaring difference from ICEs, which canlbaded much sooner upon ignition.

Noise primarily travels through the inlet and ex$tauorts, as well as through the case
itself. While inlet and outlet noise can be attsed, one must take into account the
aforementioned issues of restricting air flow. agoint of reference, a 30 kW Capstone unit
has been recorded to emit an average of 65 dB #&dmtance of 10 m away. This is an
acceptable noise level when compared to the neauped by a typical large diesel engine used
in military vehicles. For example, a HMMWYV at idjenerates 78 dB at idle, and a 5 kW
Tactical Quiet Generator (TQG) generates 80 dBsahied load [21].

Operational Consideratioidficiency of a turbine is dependent upon a higmpoession
ratio, which requires the turbine to be turnindpigh speeds. The turbine’s peak efficiency will
occur around its peak output, as can be seen urd-R9. In this figure, thermal efficiency is
defined as the ratio of mechanical output powéhaialternator shaft to fuel flow.
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Figure 2-9 Efficiency range of a single cycle tabiwithout a recuperator.

Microturbine Sizé/Nhat is the size limit for microturbines? Figur® 2lemonstrates that
microturbines have expanded their output into tlegamvatt range, but what is the limiting factor
for how small a microturbine can get? The pushd@reloping low-output microturbines while
maintaining the efficiency and reliability of lamgicroturbines can be considered to be the
cutting-edge of the technology.

When scaling down turbine designs, the developstddeal with changing problems
with fluid mechanics and heat transfer. Lower i#gls numbers in the turbine’s smaller flow
passages increase viscous losses. These samggsasase a higher surface area-to-volume
ratio, which results in higher heat losses. Wtiikese issues hurt efficiency, the added cost of
the tighter machining tolerances and the resultmger reliability of the system is enough to
deter most developers.

A sweep of the current microturbine industry reseml accepted lower boundary of
commercially acceptable industrial microturbinedarction. The Capstone 30 kW model, an
industry standard for microturbines, is the smaliesbine produced on a large scale. 30 kW
turbines have been installed in several hybridalekj most often in the Capstone model.
Capstone has provided its 30 kW model for an E-BE¥ [22], and its own prototype super car
[23].

Recently, market niches have spurred the developaieaven smaller microturbines.
Electric Jet of Blacksburg, VA, has developed &W\0single-stage microturbine for use as an
APU in a large number of applications, and Bladets has developed a 12 kW model that
should be ready for production in the next yeaiT TMhas developed a 3 kW microturbine for
CHP applications [24] in an attempt to further depesmall power plant research.
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Chapter 3 DEFINING A MODEL TOBENCHMARK VEHICLE
PERFORMANCE

3.0 CHAPTERSUMMARY

Up to this point, the strengths and limits of a@miurbine operation have been reviewed
and compared to ICEs. Through this exercise,stldiegen stated that there are benefits to having
a lighter power plant, and there are drawbacksity leeing able to operate the SHEV’s power
plant via thermostat strategy under full load. Botv can the strengths and weaknesses of this
configuration be quantified?

This chapter outlines how a model was created &uate drive cycle performance of a
turbine-powered vehicle versus an ICE. By creatinge cycles specific to the typical
operational patterns expected of a GUSS, it isiplest develop an understanding of several
design considerations, such as power plant sizegnse, battery size, and peak current loads.
Following previous work analyzing the viability ah HEV-GUSS, this chapter develops how a
microturbine-powered vehicle will be benchmarkedstdirectly comparing vehicle performance
to that of an ICE-powered SHEV.

3.1 DRIVE CYCLE ANALYSIS

3.1.1 DRIVECYCLEDESIGN

Drive cycles are designed to mock up the drivingitseof the general population [25].
This information can be used for a number of puegpfrom fuel economy to testing vehicle
performance. For instance, the Federal Urban D) cycle was developed to better model
urban driving, at a time when battery-powered E\ésarbeing developed. This modeling allows
for designers to better model electric loads plamethe battery, and benchmark vehicle
performance [26].

While numerous urban and highway drive cycles Hmen developed to model the
general population’s driving behavior, these digyele characteristics have little in common
with the performance requirements of the HEV-GU®S.was discussed in Chapter 1, HEV-
GUSS will have a manually driven top speed of 40vngmd an autonomously driven top speed
of 8 mph. Much like drive cycles are designeddity and highway driving, the two drive cycles
used to quantify performance will be designed fanoal and autonomous driving patterns
typical of HEV-GUSS. While it is important to mddeshicle performance in autonomous
operation, it is also important to design the vighior the rigors of manual operation. The drive
cycles developed and used in this thesis are kram8119 and HAUL Extended. These specific
drive cycles were developed because no other dyigies exist for a vehicle of this specific
purpose.
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Extended Hauling Assorted Urgent Logistics ExtenDeieie Cycle (HAUL Extended)
This manually-driven drive cycle is intended to rmara logistical resupply mission with high
power demands and a top speed of 40 mph. Therdp@Bsorted Urgent Logistics drive cycle
was originally created by scaling down the USO&ealdycle to a top speed of 40 mph. In order
to strenuously test the power plant over a longeiod of operation, the drive cycle was
expanded from the original length of 10 minuteduoation of an hour during which the vehicle
traveled between two points of interest, carryingpies. Hence, this new drive cycle is named
“HAUL Extended”.

The vehicle performs the 10-minute, scaled-down&J8le, and then rests for 10
minutes while supplied are loaded/offloaded. FegeHl HAUL Extended Drive Cycle
illustrates the velocity profile of the vehicle ovwbe duration of the cycle. This cycle is intetide
to be the stress test for the vehicle; with cordimsiperiods of charging and high rates of
acceleration/deceleration representative of anemggre driver, the impacts of power plant
weight and fuel efficiency will become more apparen
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Figure 3-1 HAUL Extended Drive Cycle

Autonomous operations recorded on June 19, 2019) 6 'he autonomous drive cycle
was created using actual localization data of AfrGUSS while being used in the field in
Hawaii. This data was taken during training, agatdires operations in both urban and jungle
environments. This drive cycle was generated usiagd wheel speed and pitch data in order to
calculate velocity and road grade. This resulted hours’ worth of data of a squad covering
over 10 miles of various terrain on foot. Thisajaeen in Figure 3-2, is more difficult to
visualize than the HAUL Extended drive cycle du¢he length of time.
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Figure 3-2 6-19 Drive Cycle in its entirety
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Since Figure 3-2 spans over 8 hours, it is diffitolsee the typical driving pattern of the
vehicle over time. Figure 3-3 demonstrates a beiseialization of the vehicle in operation,
with examples of tele-op operation (speeds aroumgB), follow-me mode (~3 mph, the
average walking speed of a human) and an exampheofehicle encountering an impassable
obstacle, necessitating the vehicle to autonomdestk up before resuming its operation.
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Figure 3-3 Sample of the velocity profile of thehige during 6-19

3.2 DEFINING BASE VEHICLE

The base vehicle was modeled after a 6x6 Polaisciee The specs in Table 3-1 were
used for drive cycle calculations. While the curtight of the vehicle reflects the weight of the
vehicle with an engine, it is assumed that reptadie engine block and transmission with an
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AC induction motor [27] and additional autonomydaare will negate any weight savings.
This weight estimation does not take into accounigr plant or battery weight. Also of note is
the decision to use a tire resistance coefficialtesr  for unimproved roads. This value is
used for both the 6-19 and HAUL-Extended cycles.

Table 3-1 HEV base vehicle specifications

' # $
%" & ( )

3.2.1 TRACTIVEPOWERCALCULATIONS

Drive cycle data can be used to calculate powdr @ilata sets: instantaneous
velocity ,time  and road grade . Localization data for 6-19 was logged as digcret
data samples at a set sample rate. Wheel encatiewds averaged to determine change in
wheel position over time, enabling velocity caldidas. Vehicle pitch data  was used to
determine instantaneous road grade in degreesh V@diicity and road grade data samples were
filtered by taking a running average to generatragye velocity and average road grade in .5
second intervals. This enables vehicle operatidretaccurately modeled for both flat and
mountainous terrain.

Velocity paired with time information can be dextto calculate acceleration data ,
as well as integrated to calculate total distarmeeied. Total distance was calculated to include
GUSS operations in reverse. Negative acceleratamalso used to calculate regenerative
braking.

To calculate actual tractive forces, several assiomp need to be made. For the purpose
of this model, gravity is assumed to be 9.81 m/s”"2, the mass of theleehics the gross
weight of the vehicle, including power plant, bagtpack, and payload; and air densitys
assumed to be at sea level, with a density of 4/&&3.
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Figure 3-4 Free body diagram of a vehicle in mation

A summation of the forces on a vehicle in motiogelgs Equation 3-1. The force at the
wheels is the force required at the wheels to propeMtacle at that current velocity.

Is the inertial force generated by acceleration, is the force generated by
aerodynamic drag, is the rolling resistance force generated by itleeaind the surface on
which the vehicle is rolling over, and is the force generated by traveling up or down hill
Unlike the other forces, which will always be oppe®f the tractive effort : can
be in the same direction as in scenarios such as the vehicle traveling dowrtBguation
3-2 is the breakdown of the individual calculatiafishe various forces.

3-1
! I "8y 1 &() * 3-2
i+ L : ot 1706
Power requirements at the wheels can be calcubatedultiplying by
instantaneous velocity. However, due to lossekeardrivetrain,l, 5 (assumed in this

thesis to have an efficiency of 85%) the actuatteleal power requirement delivered to the
power trairds  will be higher.45 is calculated in Equation 3-3. For example, afoad
of 10 kW will require an electrical load of 11.7@/krom the battery pack/generator.

3 1 6

4
5 1,4 3-3

Now that it is possible to calculate the power regfito propel the vehicle at all discrete
points of the drive cycle, it is time to examine #tguations and assumptions required to model
the systems delivering that power: the battery @ackthe power plant.

3.3 DEFINING BATTERY PACK

The battery section in Chapter 2 demonstrated dhgptexities in battery pack design.
While the design of a battery pack for a vehicléhid type could be a thesis in itself, some
assumptions can be made in order to model a bdtiewehicle performance. Since this thesis
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proposes that the HEV-GUSS should be an EREV with-m charging capability, the battery
pack modeled should fit this structure.

For the purpose of modeling the vehicle in EV opers, the battery pack of the
Chevrolet Volt was selected to evaluate the vehigélghough this battery pack is designed to
power a vehicle with higher power demands and tbike ign’t explicitly a SHEV, it utilizes the
battery pack in many of the same ways that thebator the GUSS-HEV will be used. The
Volt's battery pack has the energy capacity reguioe stealth operations of extended duration,
while still being smaller than a typical EV battgrgck. As an added benefit, the battery design,
intended for higher power loads, will lead to fewssses when charging the battery at the peak
12 kW load. As areference, the Volt's generats & peak power rating of 55 kW [28].

The behavior of the battery pack was charactens#ug a study [28] performed by the
Department of Energy's (DOE) Vehicle TechnologiesgPam. This study bench-tested a
battery pack, analyzing battery voltage, chargeldisge pulse resistance, and charge/discharge
peak power as functions of battery SOC. In thig,wlae model is able to calculate
instantaneous peak battery output and power lakse$o internal battery resistance.

Table 3-2 Battery Specifications of a 2013 ChevyjtVo
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3.3.1 BATTERYPACK MODELING

The key to modeling the performance of the batpagk is identifying the instantaneous
SOC of the battery pack. Variables used in theeh@iich as voltage, internal resistance, and
peak powers are functions of SOC. Figure 3-5 destnates this relationship. In this format, O
kWh discharged is considered 100% SOC, while 18/h klischarged can be considered to be
0% SOC. The full list of battery pack data pertitienthis thesis can be found in Appendix A.
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Figure 3-5 Battery pack voltage as a function afrgy discharged.

Calculation of the power required from the batteagk can be found by summation of
the power demands of the road load, power planiepoand auxiliary (autonomous) loads.
Road loads were defined in the previous sectiod,;andeling of power plant power generation
will be discussed in the next section. This relaghip is defined in Equation 3-4; g is
defined in the model so that a negative value isickered to be the power that the battery pack
is discharging, while a positive value will be calesed to be the power that is charging the
battery pack. In cases where the vehicle is deatghg, the assumption is made #at is
returning to the battery pack, where a regenerdtieaking efficiency value of 85% is used.

4, 5 4 945 94, »

As a battery pack charges and discharges curomsie$4; ... ) occur due to the
internal resistance of the battery pack. The im@kresistances of the battery pack changes over
SOC. Discrete values for the instantaneous culvawts; g (afunctiono#; g and
battery voltage) and battery resistamge must be used calculate power losses, and the
resulting total amount of power required of thetdrgt pack, as seen in Equations 3-5 and 3-6.
>, is determined according to the charge/dischartfedygpack resistance curves located in
Appendix A. It is important to note that even whlba power plant is off, it is possible for
4, g tobe positive (i.e. the battery pack is chargishgling deceleration, as regenerative
breaking can charge the battery pack.

47 ;<< rf:? 8 ) @A l47 8 *C! >7 @A 3.5
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In this way, the battery pack can be modeled toaacfor both powertrain and internal
impedance losses. When positive tractive efforeégaiired (resulting in a negatide g ) the
batter pack discharge$; g inadditiontod; ... . When the battery is charged via the
power plant and/or regenerative braking, the resultegatived; g is reduced by the
incurred battery losses.

Integration of the summation df | and4; p< r over time yields the
energy flow to and from the battery pack, allowfagthe calculation of the change in battery
pack SOC. The instantaneous energy consumptiorcevagerted from kJ to kwh for SOC
calculation.

S G 9" 9L,4 os e M
L4 15 M 3-7

In this model, the battery pack was designed toaipavith a maximum and minimum
SOC window of 65%-45%. This assumption was madetm line with the designers of the
Volt. 65% SOC is the level at which the Volt begbiended operation, and 45% is the minimum
SOC that the Volt will operate in mountainous lomas. These assumptions were considered
reasonable, justifying the maximum SOC selectiofa¥6. The minimum SOC of 45% is also
justified, as it allows for a considerable amouin¢ergy in the battery pack in the event of an
emergency. To evaluate the vehicle as a PHEWlttery pack will be charged to an initial
80% SOC as the Volt is designed. This will be désed at a later time.

Therefore, the 16.5 kWh battery pack will yieldogat of 3.3 kWh of usable energy, with
an upper and lower bound of 10.725 kWh and 7.425 &irenergy in the battery pack. For
reference, with the battery pack graphs in Apperdithe range of interest is 5.8 kWh-9 kWh
Energy Discharged.

3.4 DEFINING POWERPLANTS

3.4.1 KEY DIFFERENCES BETWEEINCE AND MICROTURBINEHEVS

A comparison of the two feasible options, ICE androturbine, reveals several
tradeoffs. The ICE is more efficient, responddynamic loads faster, and can efficiently
generate power at lower loads. The microturbinedeeming factor is its power density, which
when coupled with a comparable efficiency to an,ISEjuite an asset. While weight savings is
important for any vehicle, it is especially impartdor the HEV-GUSS. Because the reason for
hybridizing GUSS was to conduct stealth operatidns,essential to maximize EV performance.
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While the vehicle is in EV mode, the power plandéad weight. In order to actually determine
whether or not these weight savings are justifileid, difference in EV range will have to be
guantified.

A second important observation is that the miatmhe must run at full load in order to
have a comparable efficiency with an ICE, and & &donger start-up and shut-down process.
This implies two things about how a microturbineeshybrid must be operated: first, that a
system using a single microturbine cannot be implaed in a power-following control strategy,
and second, that blended CD operation would haveriited to long durations of high power
use, or would otherwise be offset by the warm-ug @ol-down cycles.

A third observation is that a microturbine-powehstbrid would result in the batteries
charging at high rates, which would in turn causehlattery pack to degrade at a faster rate. In
addition to the increased wear and tear on thetygttack due to a thermostat strategy, a
microturbine sized to the average power consumpmifdhe vehicle would require that the
batteries be charged at that same rate while idling

3.4.2 TURBINE ANDICE SELECTION

In order for a microturbine to compete with tha@éincy of a diesel generator, the
microturbine must have a recuperator. The impaettofbine without a recuperator will be
examined later in this report using the 10 kW HEleciet model. For the purpose of evaluating
an efficient model, the 12 kW Bladon model will liged, incorporating the efficiency curve
from the data sheet, while estimating the weigtd sfripped-down system to be 125 Ibs. This
estimation factors in the ~80 Ibs weight of the éarg0 kW Bladon turbine used in the Jaguar
super car, as well as additional weight for powerditioning equipment.

The fuel consumption rates were dictated by theiipation sheets of the respective
power plants. In the case of the ICE, fuel consionger hour at full and half loads were
supplied. Inthe case of the microturbines, fuglstimption rates were provided as curves,
although only fuel consumption at a full load wagd unless explicitly stated otherwise.

The ICE [29], the Bladon Jet microturbine [30], @hd Electric Jet microturbine all have
several specifications which are pertinent to tloeleh. Table 3-3 lists the compared
microturbines in which the power plant’s weightl] foad, and fuel consumption at full load are
listed. The efficiencies of the power plants weaculated using their respective hourly fuel
consumption at full and half rated loads, 11.98 Kxglenergy density value for diesel, and a
specific density of .832 kg/l. The Electric Jattine data was corrected with a 95% power
conditioning efficiency.
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Table 3-3 Comparison of Turbine and ICE Specs
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The Bladon Jet turbine was used to model the tarpowered HEV-GUSS unless
otherwise noted. Because the Electric Jet modes dot have a recuperator, it is over 40% less
efficient than both the Bladon Jet and Northerrhtsgoower plants. Therefore, it is used only to
demonstrate the importance of fuel efficiency axlperators in microturbine selection. A
direct comparison of a turbine without a recuparata regenerator would immediately rule
itself out as a feasible option; this fact is agaapnt now as it was when the automotive industry
was developing turbines in the 1960s. The Eledegiomodel will be used in a later section of
this thesis to demonstrate that a microturbiner$opmance typically suffers at lower loads, and
that a recuperator is a necessity, regardlessedddiditional weight it will incur. Figure 3-6
demonstrates the fuel consumption of each power plavarious electrical loads.

Fuel Consumption of Evaluated Power Plants
1 .8 T T T T T

——— Electric Jet Turbine

16 | — Bladon Jet Turbine 1

— Northern Lights Generator

14

T

1122

T

0.8

T

Fuel Consumption (gal/hr)

T

0.6

0.4

02 ] ! ] ! ]
0 2 4 6 8 10 12

Continuous Electrical Output (kW)

Figure 3-6 Fuel consumption curve of the BladonJE€G12.
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The Bladon Jet model is unusual for microturbinkei$sosize because it is an axial flow
turbine. The typical microturbines of this range wadial flow to achieve the compression
necessary for the cycle. The Bladon model usestage compressor to achieve the necessary
compression. Because of this compressor desigdpB claims to have respectable efficiencies
at lower loads.

The ICE modeled in this thesis is the Northern Lsgt? kW generator, selected to have
the same power output as the microturbine for umifty. The gross weight of the plant is 757
Ibs, which includes excess weight such as skid.rdilo compensate for this additional weight,
the model ICE’s weight was reduced to 700 Ibs Addal light-weight hybrid diesel engines
proved difficult to find, as most development obhig power plants involves gasoline ICEs.

The Electric Jet 10 KW microturbine was designetth\an emphasis on reliable and
lightweight power. This stripped-down and lightglai design willingly sacrifices higher
efficiencies from tighter machining tolerances #mel use of a recuperator to generate power
where other power plants cannot. Applicationgifics market include UAVs, APUs and
transportable generators.

Microturbine Fuel Consumption
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Figure 3-7 Direct comparison of fuel consumptioreath microturbine.

Without a recuperator, the EJ turbine has an efficy of ~16%, compared to the ~27%
efficiency of the Bladon and ICE power plants. &hi is not unreasonable to expect a
recuperator to boost the EJ turbine efficiencygabmpetitive with that of the other power
plants discussed in this thesis, the EJ turbinebsimodeled as-is to highlight the importance of
fuel efficiency.
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3.4.3 MODELING APOWERPLANT CONTROLSTRATEGY

A thermostat strategy was selected to generate ipiawehe vehicle throughout the drive
cycles. This was selected partially due to thé ttaat a microturbine cannot spool up and down
quickly for blended charge depleting operation, alsth because developing a blended control
strategy is beyond the scope of this thesis. Likeya microturbine cannot be used in a power
follower strategy like an ICE due to its slow respe.

For the purpose of a pure comparison, the turbmoel@E are operated identically, at a
full load, and set to turn on an off at the sameimum and maximum SOCs, respectively.
Figure 3-8 demonstrates the thermostat strateggtion, while providing information on how
the battery SOC fluctuates over the drive cycléthdugh the turbines could be modeled based
upon a 30s start-up/shut-down operation, the impgittis operation was deemed to be
negligible. For example, the EJ turbine would econe less than .01 gallons of fuel in the course
of this start-up/shut-down period. Furthermores tluthe low tractive power demands paired
with a large battery pack, 30 seconds of high pawasumption would not have an adverse
effect on the implemented thermostat charge styatathough this may be an issue under
different system and operating conditions). Thaswlso assumed to be negligible when the
battery pack was reduced in size by 50% in a dasky salthough this 30s delay would have a
greater impact on this smaller battery pack.
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Figure 3-8 Example of the Thermostat Strategy dutie 6-19 Drive Cycle. Note that power is notedabut
intended to demonstrate when the plant is generatinver.

3.5 COMBINING THE MODEL
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The code to model vehicle performance is locateippendix B. A MATLAB function
was created to generate data based upon drive tyattery type, power plant type, and payload.
A script was then written based upon each individaae study to run the function and plot data
as desired.

The script initiates by identifying and calculatisgecific model parameters:

- Power plant: weight, rated electrical output & ftlelv rate at the rated output
- Battery Pack: weight, voltage, internal resistan&emitial SOC
- Vehicle: gross weight (including battery and powkat) & payload

Once the vehicle has been fully defined, it is thessible to calculate road load. The
script then retrieves velocity, road grade and tifata for the desired drive cycle. With this
data, a loop is initiated which calculates accéienadistance traveled, tractive forces and power
for each time step for the drive cycle. This resirl a road load profile which will then be used
to draw power from the battery pack.

Once the power requirements are known, a Therm8staitegy loop is then used to
model how power from the power plant and batteigkpa utilized to power the vehicle. The
battery pack is initialized at a starting SOC. thnto the loop used to calculate instantaneous
road loads, the battery pack is modeled as thelozatidepletes the battery pack. Battery
current flows were used to calculate power dissigpp@t the battery pack due to internal
resistance. As battery SOC decreases, batteryymdtelge and impedance changes, and it was
necessary to model these changes in order to noougadely determine battery losses.

When the battery pack reaches the lower SOC bdbadgower plant is then turned on to
charge the battery pack. The power plant was neddel instantly engage at the full rated load,
and continue until the battery pack reaches theémam SOC bound. Upon completion of drive
cycle calculations, the function supplies the neagsdata to the main MATLAB script to
generate tables and plot vehicle behavior.

As a self-check, the following graph in Figure 8+8s generated to illustrate the total
flow of energy throughout the system. An energgibee was performed by summing up battery
power flow (Battery Charge/Discharge Power), poaduted to the system (Power Plant Power),
vehicle losses (Battery Losses), and power exitiegsystem (Powertrain Power). As can be
seen in the graph, the power unaccounted for igalimitation in computational power, and
therefore the model passes the energy balance test.
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Figure 3-9 Energy balance by summing power flowsafgrates that the model is working correctly.

3.6 REVIEW OF DEVELOPING ASIMULATION MODEL

This chapter has systematically built a model witiwing patterns typical of a GUSS
vehicle. The base vehicle was defined by incojiagaa base vehicle, battery pack and power
plant. Finally, a thermostat charging strategg @asigned to study the relationship between the
power plant and battery pack.

Now that the methodology of modeling a hybrid véhior these specific drive cycles is
complete, it is possible to implement this moddbémchmark vehicle performance based upon a
multitude of case studies. This benchmarking isartant, as it allows for a direct comparison
between ICE and microturbine powered vehicle paréarce. The points for comparison will be
discussed in the next chapter.

37



Chapter 4 ANALYSIS OF VEHICLE PERFORMANCE

4.0 CHAPTERSUMMARY

Based upon the model developed in Chapter 3, dgeke analysis is conducted to
guantify the impact of power plant weight and feticiency on HEV-GUSS'’s operational
capability. This chapter serves to define quaatii metrics, which are important to the
operation of a GUSS platform, and to then evaluatecle performance based on these metrics.
Several case studies were conducted, primarilxamée the tradeoffs of selecting a
microturbine power plant over an ICE. After chaeaizing the behavior of a turbine-powered
vehicle versus an ICE, additional case studiesndireduced to demonstrate the possible
improvements in vehicle design benefits that a atiebine may afford.

To reiterate: these case studies are meant tdlgiceenpare a microturbine-powered
SHEV to an identical ICE SHEV. This thesis conssdbis SHEV platform to be the design that
best meets the specific requirements for a GUS#opha.  As such, the possibility of a power-
split HEV powered by an ICE is not considered, i@ any other HEV configurations. It is
possible that a power-split HEV may perform betiten a turbine-powered SHEV in situations
such as the HAUL Extended drive cycle. Howeverthier consideration of this possibility is
outside the scope of this thesis, which focusea dimect comparison of two SHEVs which vary
only by power plant type.

Therefore, it is acceptable to strip away all ot configurations to that of a SHEV
power plant which would be operated identicallyhat of a microturbine. It is upon this direct
comparison that the case studies introduced irctrapter best demonstrate the impacts of power
plant selection, and the advantages and disadwmtdgach. The case studies introduced in
this chapter directly compare microturbine to IGEfprmance in various scenarios. These
studies will compare EV range, fuel consumptiord pawer plant operational time.

4.1 METRICS FORQUANTIFYING PERFORMANCE
To produce a tactically useful vehicle, the follog/four metrics have been established
as areas of importance:

Stealth operating range (EV range)

Total operational range on a single tank of gasl (@fficiency)
Payload capacity

Vehicle weight (for flight certification)

PwbdE

The main impetus for the creation of HEV-GUSS ibéccapable of conducting stealth
operations. Thus, the main focus of the vehickgleis to maximize the vehicle EV range
without sacrificing HEV performance. This thesigoses to do this by decreasing the weight
of the power plant. An additional benefit of usengight-weight microturbine is its ability to
increase the vehicle payload capacity by reducimg weight.
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In spite of these benefits, the vehicle must notiee performance and fuel economy
during aggressive manual operation in order torektae vehicle EV range. The fuel efficiency
of the power plant dictates how long and far thieisle can operate on a single tank of fuel. At
the end of the day, this vehicle exists to imprthestactical effectiveness of a squad of Marines
in the field by improving mobility. If the vehicleffectively reduces the squad’s mobility in the
field, it is not only worthless, but a potentialgthal liability.

Although the model introduced in this thesis redusewer plant evaluation to power
density and weight with a simple thermostat condtategy, there are numerous considerations
for evaluating vehicle performance. For instanicis,important to examine the impact of power
plant weight on stealth mode operation. If a tuebpowered vehicle weighs 575 Ibs less than an
ICE powered vehicle, is it advantageous to havehacle with an extended EV range because it
is 575 Ibs lighter, or would it better to have ebtoe vehicle with the same EV range of the ICE
powered vehicle but an increased payload of 575 IBarthermore, what if an additional 200 lbs
of batteries were installed instead of increasiagigad capacity, resulting in a vehicle that is
both lighter, and capable of storing more energyntan ICE-powered vehicle? This section will
delve into various points on design flexibility thiae utilization of a lightweight microturbine
could allow.

4.2 CASE STUDIES
The case studies presented in this chapter amdetketo study one or more of the four
following categories:

Impact of power plant weight

Impact of payload on drive cycle performance

Impact of battery pack size and usage on driveecgetformance, and how this
relates to using a turbine vs. an ICE

Impact of power plant fuel efficiency on vehiclerfpemance

These case studies (humbered for convenienceyeserged in the next section.

4.2.1 BENCHMARKINGPOWERPLANT PERFORMANCEDUE TOWEIGHT

The first two sections quantify the typical powequirements of a mission in the field.
The performance of each power plant is evaluategéchow much of an impact the weight
reduction of a turbine would make. This relatiapsh further expanded by evaluating
performance after removing the vehicle payload.

Case 1. Drive Cycle Evaluation This case study compares the performance
between an ICE and turbine-powered vehicle, arfdréifices between
autonomous and manual driving.
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Case 2. Impact of payload this case study is a comparison of how vehicle
performance differs with a full versus empty pagdodepending on power plant
type. This test evaluates the best case and wasstscenarios for EV range.

4.2.2 THE IMPORTANCE OFFUEL EFFICIENCY

The next study demonstrates the importance of thedea fuel efficient power plant.
This is accomplished by comparing a microturbinthaiit a recuperator to the operation of the
previously modeled power plants. This study seagea cautionary tale of the need for selecting
a microturbine with high efficiency, and the pod#ipthat it may indeed be necessary to wait
for the industry to further mature in order for &rturbine-powered vehicle to be feasible.

Case 3. Impact of Fuel Efficiency This case study examines the futility of using a
microturbine without a recuperator, and the imphett poor power plant fuel
efficiency has on the total operational range efukhicle.

One of the biggest issues with small microturbifess than 30 kW) is improving the
fuel efficiency to be comparable with an ICE. TBiadon Jet microturbine used in models up
to this point is a newly developed product that inatsyet come to market; it is one of the few
axial flow microturbines being developed for theskW range at this time. For a more
complete review of the range of microturbines aldé at this point, a radial flow turbine
without a recuperator will be evaluated. This eatibn will demonstrate both the necessity of
operations at full load only, as well as the nesmdafrecuperator, regardless of the additional
weight.

4.2.3 BATTERYPACK DESIGN CONSIDERATIONS BASED UPON POWER PLSSTECTION

The final section studies how the design impliaagifor a battery pack may differ
depending upon power plant type. Since the micbate has a longer warm-up/cool-down time
than the ICE, it stands to reason that a largeetyapack may be more beneficial for a turbine-
powered vehicle than a smaller battery pack. Hamnewould a larger battery pack hurt the
vehicle during manual operations more than it hén&V operation? To further evaluate the
relationship between a turbine power plant andotitéery pack, several case studies were
examined to determine the best method of implentienta

Case 4. 50% Battery SizeThis case study examines the relationship betwesn t
power plant and the size of the battery pack. Alembattery pack will decrease
stealth operation range as well as increase utdizaf the power plant. The
differences in power plant fuel efficiency will bemore apparent.

Case 5. Replace reduced power plant weight with batterieJhis case study
assumes that the maximum weight of the vehicle patyload is 5310 Ibs (total
weight of the ICE vehicle with the 2000 Ibs paylpadd that it is possible to
increase the size of the battery pack. Ratheriti@ease the size of the battery
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pack by 575 Ibs (an absurd 132% increase), therygitack will be increased by
50% to a total weight of 652 Ibs, with an energyamaty of 24.75 kWh. The
regular turbine and ICE-powered vehicles will baleated with the turbine
vehicle with a 50% larger battery pack.

Case 6. Impact of battery lossesThis case study examines the losses that occur
while charging at full loads, and by how much Iesaee reduced when the ICE
charges at half load. This test is meant to exarttia drawback of only operating
a microturbine at full load. This section is figthelaborated by comparing the
microturbine used in Case 3 with the ICE at hadilo This will demonstrate
ICE’s ability to operate at half load with reasoleatniel efficiency, and highlight
the inability of the microturbine to do the same.

Case 7. Impact of Changing SOC rangesThis case study will examine how
much the stealth operational range improves wighitikrease of SOC limits, as
well as the implications of performance. In themthat stealth is more
important than battery abuse, it is important talgre how a microturbine-
powered vehicle can help to reduce harmful deptlisscharge while still
completing the intended mission.

Case 8. Impact of plugin charging This case study will introduce the
implications of externally charging the vehicletopan initial 80% SOC on foot
patrol operations. The initial 80% SOC is iderticehow the Volt operates.
This study will examine the increased EV rangermyfoot patrols, and how
PHEV performance is improved by using a microtuebin

4.2.3.1. PHEV Analysis

Mobile 30 kW generators are essential to operat@sy command post of a Forward
Operating Base (FOB). Unfortunately, it is oftee tase that the 30 kW generators are only
providing power at a fraction of their full loadhe fuel economy of the vehicles could be
greatly improved if the vehicles were able to cleandien not in use at these stations. In
addition to more efficient use of the base’s ftie¢, vehicles could supplement the station’s
power demands.

PHEYV operation would have the same effect as isangahe usable SOC range,
although for a one-time use only. This one time csuld be particularly beneficial when a foot
patrol is leaving a FOB for a remote location withfuel resupply. Depending on the distance
traveled, it is quite conceivable that the platconld arrive at their location with a full tank of
gas. Although this capability may be deemed uabietfor a vehicle of this specific capacity, it
has the opportunity to greatly boost the effectesmnof the vehicle, and should therefore be
evaluated.
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The Chevy Volt is designed to be externally charge8i0% SOC, boosting the amount
of usable energy in HEV-GUSS'’s battery pack tol&h. These design parameters were
incorporated into the modeling of the PHEV caseé\stuAfter starting out with the battery pack
at 80% SOC, the vehicle will then incorporate ttamdard thermostat strategy used in this
thesis.

4.3 ReVIEW OF CASE STUDIES TOCHARACTERIZE VEHICLE PERFORMANCE

These case studies are intended to better defnientbact of a microturbine power plant
on vehicle performance. There are numerous fatiiatanust be considered when designing for
a microturbine, designing to maximize EV range, dasigning for fuel efficiency. The tests
defined in this chapter are intended to narroweliastors down to best determine when a
microturbine power plant is beneficial. Upon cdetion of these case studies, analysis of the
results will lead to a better understanding ofte/-GUSS platform. Most importantly, the
results of these case studies will show the mangfits of a microturbine power plant, as well
as some inherent limitations.
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Chapter 5 RESULTS ANDDISCUSSION

5.0 CHAPTERSUMMARY

As mentioned earlier, this thesis is based on $saraption that the needs of a GUSS
platform are best met by a SHEV, and is meant &uaye the implications of using a
microturbine power plant versus an ICE generaildre case studies introduced in Chapter 4 are
intended to systematically demonstrate the diffeesnn performance and elaborate on the
different design considerations that are inherdtit the selection of a microturbine power plant.

The chapter begins with an overview of the redutis each case study in section 5.1
before delving into more complete analysis in &ch.2. The results of this analysis are used to
definitively conclude that the superior performabeaefits of a microturbine-powered HEV-
GUSS justify the selection of a microturbine over@E.

5.1 OVERVIEW OF THE RESULTS

The differences between an ICE-powered and a miiste-powered SHEV can be best
seen when directly comparing performance metricedéeh case study. These studies reveal
several facts that are inherent to SHEV vehicleghesWeight reduction reduces power
requirements and extends stealth EV operationssudk, the power density of the power plant
is critical. The fuel efficiency of the power platdittates how far and how long the vehicle will
remain a tactical asset to a squad in the fielak. eikample, diesel generators have exceptional
fuel efficiency through a wide range of loads. &#alevelopments in microturbine technology
have enabled microturbine fuel efficiency to apptothat of an ICE. However, it is prudent to
evaluate how the performance of smaller microtiebimatures; likewise, the inability of simple
microturbines to operate efficiently at lower loascessitates further study on improving the
efficiency of intermittent microturbine operation.

5.1.1 BENCHMARKINGPOWERPLANT PERFORMANCEDUE TOWEIGHT

Through direct comparison in the 6-19 and the HAEtXdtended drive cycles, the
microturbine-powered vehicle increases the EV rdngaround 10%. For example, during the
6-19 drive cycle, a turbine-powered vehicle canratgel.8km (1.2 miles) farther than its ICE
equivalent. A mile difference is huge in an enmirtent where the enemy may be within earshot
of the vehicle.

While stealth operation during a HAUL Extended eyalay be considered less important
than during foot patrols, it may still be considkeglvantageous. The microturbine-powered
vehicle operates 1 km (0.63 miles) farther thamGE counterpart. The benefit of using a
lightweight microturbine is further highlighted ltlye high power requirements of the HAUL
Extended drive cycle. The lighter weight decredbesamount of energy consumed during high
rates of acceleration/deceleration, allowing féaster charge time than in an ICE with an

43



equivalent load. In this case, the microturbine weoperation 3 minutes less than its ICE
counterpart, and even consumed less fuel, despiie@dna marginally worse fuel economy.

In addition to improving EV operations, the useaohicroturbine decreases average and
peak power loads at the wheels by at least 9.586tim drive cycles. The reduction of power
loads may allow for the motors to be downsized,civimay in turn reduce weight and improve
performance. Furthermore, the use of a turbineedses the amount of energy consumed at the
wheels by over .5 kWh in both drive cycles (15%h&f battery’s usable energy).

Finally, the impact of the difference in weightween the two power plants is dictated
by the total weight of the vehicle; when the 2006(@&yload is removed, performance benefits
will disproportionately improve between the two mwplants. For example, on the 6-19 drive
cycle, a turbine vehicle will travel 12.04 km fagthwithout a payload, while an ICE vehicle will
only travel 8.9 km farther. This wider range infpemance is important, as it serves to
underline the difference in EV capabilities dugtaver plant weight. All other analysis is
conducted with a 2000-Ib payload unless speciffaatited.

5.1.2 THE IMPORTANCE OH-UEL EFFICIENCY

Fuel efficiency dictates how much of a tactical aopthe vehicle can make on a single
tank of fuel; this is especially true with incredseliance on the power plant to extend
operations. While 6-19 drive cycle operations viav power requirements reduce the
frequency at which the power plant is operatedfeacharge cycles per day, manual driving
for extended periods will quickly deplete the bgtteack and require sustained charging cycles.
During the 6-19 drive cycle, a microturbine with@utecuperator will consume 0.25 gallons of
fuel more than an ICE. This may be considered@abde as it occurs over a 9-hour period.

However, this vehicle is intended first and foretrtosbe manually operated. During the
intensive HAUL Extended drive cycle, a microturbimghout a recuperator consumes 0.3
gallons of fuel more than the ICE during a sindlarging cycle in the course of an hour. This
deficit will only increase during sustained opesat, and may not be considered an acceptable
power plant, despite the extended EV range.

Total Operational Range No matter the design oWtecle, the weight of the power
plant, or the size of the battery pack, the opegatange of the vehicle is dependent on the
efficiency in which the chemical energy of the fisstonverted into electricity. The main
deficiency of many small microturbines is theirbildy to compete with diesel generators in
terms of efficiency. As a point of reference, assg a 12 gallon fuel tank, the modeled ICE
would generate over 50 kWh of electrical energyartban the EJ microturbine. Energy losses
from efficiency differences far outweigh the gafram weight reduction. A larger battery pack
does not help, since there is no power without he&hg consumed. This has been the case
when the vehicle is performing its role as a mopo&er source, there are no weight-saving
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benefits, and the logistical footprint of fuel mely dependent on the fuel economy of the power
plant.

Although the main impetus for building a hybrid GE/ to conduct silent EV
operations, it would also cause a sizable declieasel consumption. Consider the platform
that this vehicle would be replacing. The ITV'gare is a 100 kW power plant that powers the
vehicle as it performs the two drive cycles, withaaerage power consumption of 8 kW for the
HAUL Extended and 0.5 kW for the 6-19 drive cydi¢hile idling, the ITV's engine consumes
somewhere around a quarter of a gallon of fuehper. Clearly, a power plant sized for a recon
vehicle with top speeds of 85 mph will not effidigrpower a light duty autonomous vehicle.

Due to the nature of autonomous operation, whigiarsicularly inefficient for
conventional vehicles, we can expect a hybrid teha drastically reduce the amount of fuel it
consumes. Because hybridizing the vehicle greapyoves the fuel efficiency of the vehicle,
it is conceivable that additional fuel economy nbaysacrificed in order to further improve
electric-only operation. Unfortunately, it is iedibly difficult to justify sacrificing an extra 8.
gallons an hour on logistical missions for an extike of EV operations.

5.1.3 BATTERYPACK DESIGN CONSIDERATIONS BASED UPON POWER PLASIECTION

Battery Size Considerations It was determinedaHatge battery pack is more suitable
for a microturbine than a small battery pack. @itlee slower start-up times and the need to run
at full load to operate efficiently, it is advanémgis to generate as much power as possible when
the plant is on, and reduce the frequency of cheygkes. A half-sized battery pack will require
the power plants to cycle on and off three timesughout the HAUL Extended cycle, or about
once every 20 minutes. This is the type of intélent operation in which an ICE would be
beneficial. Because this also results in halhef EV range of the full-size battery pack, it is no
the best battery pack size for this vehicle.

At the heart of battery pack analysis is the fhat the Marine Corps must dictate the
desired EV range for HEV-GUSS in order to detern@measonable range of battery pack sizes
to build the vehicle around. A battery pack theesaf the Chevy Volt's seems to be acceptable
to complete each drive cycle. Unfortunately, weigiay be the limiting factor for battery pack
design. It is certainly a possibility that thetdied battery pack size is too small to be
compatible with a microturbine power plant.

A key benefit of using the microturbine is the ambof weight freed up for other uses.
For example, replacing the reduced weight with @alail battery pack allows for both a lighter
vehicle and increased EV range. The 150% batteci pehicle, which is still ~350 Ibs lighter
than the ICE vehicle, has an EV range that is m843 miles) farther than the ICE vehicle in
the HAUL Extended Cycle, while the EV range in 6:&9 drive cycle is extended by 9 km (5.6
miles). Thus, the ability to simultaneously exteadge while reducing energy consumption is
made possible by using a microturbine power plant.
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Charging the Battery Pack Another important faatdrattery pack design is the internal
resistance of the battery pack. Whereas an ICE ¢oylement dynamic power follower or
blended charge-depleting charging strategies, eomnidbine is forced to charge at a static full
load to operate efficiently. It was determined itfaarging the vehicle while idling at full load
results in 100 W of continuous losses in the batback, compared to 50 W continuous losses at
half load.

Although these losses may be considered accepfaltleer analysis was conducted to
compare fuel consumption and battery losses bgsed full and half loading. The 6-19 drive
cycle was evaluated because is a low-powered eywavould benefit most from a reduced rate
of charging. It was found that in order to redbeétery losses by 0.04 kWh, the EJ microturbine
would have to consume an extra 0.21 gallons of fukile the ICE consumed an additional 0.15
gallons of fuel. This would not be an acceptatdedoff.

Depth of Discharge and PHEV Considerations It lenlrepeated time and time again
that when designing a battery pack for a micronglpowered vehicle, bigger is better. A large
battery pack enables the microturbine to operata fustained period of time, and increases the
benefits of extended EV operational range that@aturbine-powered vehicle offers; this is a
direct result of an increase in usable energyenbiittery pack. In addition to increasing battery
pack size, this can be accomplished by increasiea@gOC range of usable energy of the battery
pack, or externally charging the vehicle as a PHEV.

Increasing the SOC range of usable energy of ttterggpack from 65%-45% to 70% -
40% essentially increases the amount of usableygnterthat of when the battery pack was
increased by 50%, without the adverse effects ditatal weight. Predictably, the 50%
increase in usable energy boosts the EV range leasit 50% for both drive cycles. However,
both the microturbine and ICE vehicles were ableaimplete the 6-19 drive cycle without
needing to recharge. This demonstrates the vdlagpanding the SOC range if necessary.

With an extended SOC range, the microturbine-posveehicle can sustain EV
operations for 2.68 km (1.6 miles) farther thanlitBE vehicle in the 6-19 Long drive cycle.
This fact deserves some consideration: consideemasio in which a squad must travel from
point A to point B in complete silence regardletghe adverse effects of battery abuse due to an
increased depth of discharge. A microturbine-p@derehicle will reach point B with less abuse
to the battery than its ICE counterpart.

The main benefit of a PHEV vs an HEV is the inisatended EV range from external
charging. The full impact of the initial EV rantjeat a PHEV offers is best demonstrated with a
microturbine. In the 6-19 long drive cycle, théniate can operate for 4 hours just off of this
initial energy. In the same drive cycle, the miarbine-powered vehicle travels 3.13 km (1.95
miles) farther than the ICE-powered vehicle, and @amplete the cycle on a single recharge.
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This means that during this drive cycle, the ICEwaoperation for 18 minutes longer than the
microturbine vehicle, drawing unwanted attentioh® squad’s position.

5.2 DIRECT COMPARISON BETWEENMICROTURBINE AND |ICE PERFORMANCE

5.2.1 EVALUATION OF WEIGHT ON DRIVE CYCLE PERFORMANCE

5.2.1.1. Autonomous Operations: 6-19

The 6-19 drive cycle is meant to simulate typiagbaomous operation throughout a
day; in this case, platoon movement through badbiamiiand rural environments. The drive cycle
can be characterized by extended idle times, wi#eds varying from a top speed of 7 mph to
the average walking speed of 3 mph as the velsdi@lowing the platoon.

6-19 Drive Cycle Velocity Profile
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Figure 5-1 6-19 Drive Cycle with 2000Ib payload

Figure 5-1 demonstrates the performance of thecleetiith both a turbine and an ICE
power plant. With the Chevy Volt battery pack,tbwehicles only had to charge once
throughout the 8 hours of operation. This grajphibe best indicator of the weight savings
benefits for autonomous electric-only operatioRsom the same initial SOC, the turbine
powered vehicle traveled an extra kilometer, whsch significant amount when considering the
close proximity of an enemy within earshot of tlehicle.

Table 5-1 breaks down various statistics indicatiregdifference that a turbine makes in
this specific drive cycle. There are several stias that are specific to the conditions proposed
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in this drive cycle; for instance, the ICE, whicksha marginally better fuel efficiency, consumed
more fuel because its run time was longer. Thmgéwo run time is the result of increased power
requirements at the wheels while the power plarst uaning, which reduced the rate at which
the battery pack charged. This in turn resultewer losses from charging/discharging the
battery pack.

Table 5-1 Stats for 6-19 drive cycle with 2000llylpad
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All things being equal, the reduction of power plaeight directly causes an increase in
stealth range, and reduces the average power cedstinmoughout the cycle. This has valuable
implications for reducing the size of the wheel arst which results in an even greater weight
reduction. This will be more evident in the moggeessive HAUL Extended cycle, in which
there are even greater discrepancies in peak power.

5.2.1.2.

The previously discussed drive cycle involves tluesttcase vehicle weight scenario in
which the vehicle is fully loaded, reducing the &kts of power plant weight savings. An
examination of the performance of the vehicle witthits payload demonstrates the profound
impact of weight on vehicle performance. As carséen in Figure 5-2, both vehicles can
complete the drive cycle without needing to champen using the Chevy Volt battery pack:

Autonomous Operations without Payload: 6-19

48



Since the power plants are never used in thissstemmuch of the data from this
scenario is useless. To demonstrate power plafdrpeance in scenarios that require more than
one drive cycle to deplete the battery, the 6-1@drycle was doubled to create 6-19 Long. As
Table 5-2 demonstrates, the impact of power plagkt reduction is even greater than when
the vehicle has a pay load; while the energy comsiom of a turbine vehicle with a full payload
is reduced by 10.78% versus the ICE model, therelesef a payload increases the reduction to

17.36%.

Velocity (mph)

6-19 Drive Cycle Velocity Profile
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Figure 5-2 6-19 drive cycle with no payload.

Table 5-2 Stats for 6-19 Long drive cycle witho®GD0 Ibs payload.
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Although the remainder of this thesis evaluatesclelperformance with a full payload,
the performance benefits offered by a turbine-pederhicle will continue to outperform the
ICE-powered vehicle as the payload is decreasethleT5-3 demonstrates this behavior by
evaluating maximum payload versus no payload. 6Ffh® Long drive cycle was used for

consistency.

49




Table 5-3 A comparison of the 6-19 Long drive cywlth and without payloads.
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5.2.1.3. Manual Operations: HAUL Extended

The HAUL Extended drive cycle is designed to sirteiseries of manually driven
supply runs over the course of an hour. It is\wwgreintense drive cycle, with top speeds of 40
mph and rapid acceleration and deceleration famiriste durations, broken up by 10 minutes of
unloading/loading new supplies in between. This msuch more power-intense drive cycle than
the 6-19 drive cycle, and places a much higher asiplon the performance of the power plants.

The analysis of the benefits of weight reductiorsus the drawbacks of lower fuel
efficiency inherent in smaller microturbines wikmonstrate the main challenges that
microturbine-powered vehicles face. Unlike theSdtive cycle, the HAUL cycle features more
aggressive acceleration patterns. Increasedah@stices favor a lighter turbine-powered
vehicle, which would consume less power (and befess from regenerative braking) than its
ICE counterpart. However, with an increased depeoé on the power plant to maintain the
road loads, considerably more fuel will be consumEdjure 5-3 demonstrates the thermostat
operation of the vehicles during the drive cycléhvextended durations of use. Note, the power
amounts, already scaled for illustrative purposelg,are further scaled to indicate simultaneous
operation as they overlap.
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HAUL Extended Drive Cycle Velocity Profile
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Figure 5-3 HAUL Extended drive cycle with 2000Ibyjzad.

The lighter turbine-powered vehicle reduces eneamnsumption by 0.54 kWh over an
hour of operations, compared to 5.1 kWh over 8 fiofi6-19 operations. Similar to the 6-19
drive cycle, the ICE power plant is in operatiomast 3 minutes longer due to the increased
road loads, resulting in a marginally higher tdtedl consumption through the cycle, even
though the ICE is more fuel efficient.

Table 5-4 breaks down the comparative stats fotuti®ne and ICE-powered vehicles.
While the losses from higher speeds and higher ptawes reduces the impact of reduced
power plant weight, peak power is reduced by 0@86,1conceivably allowing for a reduction in
motor size.
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Table 5-4 Stats for Haul Extended drive cycle Wi@00lb payload.
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5.2.1.4. Manual Operations without Payload: HAUL Extended

The performance benefits of a lighter power planther increase with the reduction of payload

weight, as was demonstrated in the 6-19 Long diyede. Without the weight of the payload,
the weight difference of the power plants has gdaimpact on EV range. Unlike the 6-19 drive
cycle, a longer HAUL Extended drive cycle was uressary as can be seen in Figure 5-4 and

Table 5-5.

HAUL Extended Drive Cycle Velocity Profile
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Figure 5-4 HAUL Extended No Payload
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Table 5-5 Stats for HAUL Extended drive cycle w2B00Ilb payload.
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Table 5-6 demonstrates that in addition to the idliate benefits of payload weight
savings, the microturbine vehicle’s performancd imjprove at a disproportional rate due to
lesser payloads than that of the ICE-powered vehiltlgoes without saying that vehicle design
should focus on maximum performance requiremeHtswever, it is important to take into
account the additional benefits that result fronmgis lighter power plant.

Table 5-6 Impact of payload on power plant perfarogin the HAUL Extended drive cycle.
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5.2.1.5. Discussion of Impact of Power Plant Weight and Payglad

The difference in vehicle performance due to pogéant weight can be defined as the
difference in the curb weight of the vehicle. Téfere, the benefits of a lighter power plant will
be reduced if the vehicle is loaded with 2000 lbsupplies. The greatest benefit to lightening
the load of the vehicle is the ability to extend tiperating range on a single charge. This is
largely due to the reduction of inertial forcestba vehicle.

A separate conclusion reached in this exercideaisweight reduction during the
vehicle's design process is essential to improisigverall performance. For example, the
performance benefits caused by the weight reductidhe power plant could be offset by the
use of wheel hub motors rather than a single maiidr a final drive.

One last consideration in payload operationsasabssibility of an increased payload
capacity due to the reduction of power plant wei@linsider the possibility of an increased
payload capacity of 500 Ibs. This would be a 25%6ease in payload capacity, which is not a
figure to be taken lightly. Considering the averagter consumption of a Marine in the field is

53



5.2 gallons per day [31], this would enable theicletto carry enough water to supply an
additional 11 Marines.

5.2.2 THE IMPORTANCE OFFUEL EFFICIENCY
5.2.2.1. Impact of a Recuperator

The cumulative fuel consumption of the EJ turbind the ICE through the HAUL
Extended drive cycle demonstrates the importandesdfefficiency over weight. Even though
the EJ turbine is almost 600 Ibs lighter than tBE bnd requires less electric energy to complete
the drive cycles, it consumes almost 50% morettuéllly recharge the battery pack. In other
words, the microturbine-powered vehicle will conguanquarter-gallon more of fuel per hour
than its ICE counterpart. It is hard to justifgthse of a microturbine without a recuperator
given this statistic.

HAUL Extended Drive Cycle Velocity Profile
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Figure 5-5 Impact on fuel efficiency on fuel congtion during the HAUL Extended cycle..
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Table 5-7 HAUL Extended comparison demonstratesntiportance of fuel efficiency.
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Since this is a comparison of fuel efficiency versteight for the purpose of extending
stealth operations, the same test was conductédat6-19 drive cycle. The results are
similarly disappointing: the microturbine extentle maximum EV range by 2 km, at the
expense of consuming over 50% more fuel than tike IThis solidifies the fact that power plant
efficiency is the leading consideration for theataiperational range of the vehicle.

6-19 Drive Cycle Velocity Profile
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Figure 5-6 Fuel consumption during the 6-19 driyele.
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Table 5-8 6-19 drive cycle comparison to demonsteatra fuel consumed for the sake of extendeddfge
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It may be possible to justify the additional congtion of 0.2 gallons of fuel over 9 hours for
the sake of an extra 2 km of EV operations on fédtdwever, a vehicle that consumes 50%
more fuel to complete the same operation wouldagattain on logistical support for the vehicle.
As such, it is essential that fuel efficiency netdacrificed solely for the purpose of improving
EV range. If a microturbine is to be used, a meod#t competitive fuel efficiency must be
selected, which is why the Bladon Jet model wasehdor evaluation.

5.2.3 BATTERYPACK DESIGN CONSIDERATIONS BASED UPON POWER PLASIECTION

The previous section developed two ideas: firstt teight reduction of the vehicle in
any form has a huge impact on vehicle performaaice,secondly, that if a turbine is to be used,
the weight reduction could be used elsewhere fiici advantage. The series design of the
HEV-GUSS inherently results in a higher reliancelos battery pack for performance.

This section will cover two possible battery packifigurations with respect to weight:
the evaluation of a vehicle with a battery pacK tta size of the Chevy Volt, and a turbine-
powered vehicle with an increased battery packs €kercise serves to examine the impact that
battery size has on EV operations, specificallygearmnd the flexibility that a turbine-powered
vehicle could offer in regards to the battery pack.

5.2.3.1. Battery Size Considerations

5.2.3.1.1 Battery Size: Full versus Half

In order to determine how the size of the battergkgmpacts the performance of the
vehicle in regards to power plant selections, asialgf a full-sized and a half-sized battery pack
was conducted. The half-size Chevy Volt batterskpaas designed to have the same specific
power and energy capacities of the original batpergk. These specifications are listed in Table
5-9. In a rough attempt to mimic the resultingdebr of a smaller battery pack, the internal
resistance values were doubled, and the maximungefidscharge acceptance values were
halved. Due to the low power demands of the vehiither factor played much of a role in
changing - much less limiting - vehicle performance
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Table 5-9 Designated battery pack specs for this study.
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Simulation of the vehicles with full payloads yiettifairly uniform responses to a battery
pack with half the weight and energy capacity: $@treases in power and energy
consumption, negligible increases in fuel consuarpénd power plant run time, and most
importantly, an almost 50% reduction in EV ran@2nce the vehicle weight is only decreased
by 217 Ibs with the half-sized battery, there areanreductions in the power requirements. The
two main impacts of a smaller battery pack areaeadsed EV range and an increase in the
frequency of the charge cycles. Figure 5-7 andd 8kL0 demonstrate this fairly well.

Turbine
—_— T T T T T N — ICE

700 800 900 1000 1100 1200 1300 1400 1500
Local Time

Figure 5-7 Simulation of the Full vs Half Batteryl® drive cycle.
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Table 5-10 6-19 drive cycle performance by batmagk size.
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Without taking into account the emphasis that tb€igh placed on increasing EV range,
a smaller battery pack would only be conceivabniiCE power plant were used. One major
difference between the two power plants is the gdtiperior ability to provide immediate
power. The time delay and fuel consumed by theinerto warm up and cool down dictates that
the turbine should be used for longer durationseufdl load. A half-sized battery pack will
increase the amount of fuel wasted for the sameuatad power generation. The Haul
Extended drive cycle demonstrates this increasgfuéncy in a power intensive cycle in Figure
5-8 and Figure 1-1. The microturbine is cyclecaod off roughly every 10 minutes, with little
increase in performance due to battery weight reoluc This is not the ideal operation for a
microturbine.

Figure 5-8 Full vs Half Battery HAUL Extended driggcle simulation.
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Table 5-11 HAUL Extended drive cycle performancebbytery pack size.
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Rather than reducing battery weight, it was deteetithat it would instead be more
beneficial to increase the size of the battery pgcko the maximum weight and without
sacrificing payload abilities. Since the desigmeticle is to be an EREV, it will be charged by
an external generator whenever possible. The aoleleefits of the larger amount of initial
energy in the battery pack and a longer electrig-tange outweigh the benefits of a 50%
reduction in battery pack weight. Consult Appendifor more data.

5.2.3.1.2 Replacing reduced weight with additional batterygié

When analyzing the weight savings of the turbinereasing the payload was briefly
explored. While it is possible to use the excesgt to increase the number of Marines the
vehicle could support, it is also important to explthe possibility of replacing some of the
weight savings with additional battery storage thiis exercise, the battery pack is increased by
50%. This battery size is comparable in energwciyp and weight to that of the 2013 Nissan
Leaf [32]. As with the 50% battery pack size, intd battery resistance was changed; in this
case it was reduced by 66%.

Table 5-12 Battery specs of the 150% battery pack.
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The increased battery size allows the turbine-ped/gehicle to complete the normal 6-
19 drive cycle without fully depleting the battgrgick. Analysis with the 6-19 Long drive cycle,
seen in Figure 5-9 and Table 5-13, reveals tletiisized battery pack can complete the drive
cycle with a single charging cycle, resulting imakt 10 minutes more of silent operations when
compared with the ICE vehicle. Not only does tpsized microturbine-powered vehicle only
need to charge once, it also ends the cycle witterapnergy in the battery pack than its ICE
counterpart.
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Figure 5-9 6-19 Long drive cycle demonstratinggbperiority of a turbine with a larger battery p&c the ICE
powered vehicle.

Table 5-13 6-19 Long drive cycle results of anwtigrbine powered vehicle with a 150% battery pack.
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Before comparing the performance of the upsizeoinerpowered vehicle to the ICE
power plant, it's important to compare the turbuedicles in Table 5-14 to see what is being
sacrificed with the addition of weight. A good wayquantify this is by evaluating performance
in the aggressive HAUL Extended cycle, as showiigire 5-10. In the case of the HAUL
Extended drive cycle, a 50% increase in batteraci#ypwill result in a 46% increase in EV
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range, a respectable 3 miles. However, the addeghtviacreases the road load by 3.6%. This
brings up very important design questions: wh#tésideal range and duration of stealth
operations, and at what point do losses causediiti@anal weight limit EV range? In the case
of vehicle evaluated in this thesis, a modest S50&teiase in battery size prevents the issue of
putting on too much weight.

Figure 5-10 HAUL Extended drive cycle comparing tiperational range of a Turbine powered vehiclé ait
150% battery with a turbine and ICE powered vebkiglith a full sized battery pack.

Table 5-14 Comparison of a 100% vs 150% battersy sirbine powered vehicle.
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A comparison of the upsized Turbine vehicle vetbasICE vehicle in Table 5-15
reveals the turbine vehicle to be the superiorigondtion. Since the turbine-powered vehicle is
still ~350 Ibs lighter than the ICE-powered vehi@ad has an increased energy capacity, the
vehicle has all of the benefits of a larger batfgagk and still outperforms the heavier vehicle.
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A 50% increase in battery pack size boosts the B\axange by 62%, because the turbine-
powered vehicle is still lighter.

Table 5-15 Comparison of a 100% battery size |G&gryed vehicle vs 150% battery size turbine powesdicle.
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This information does not imply that a turbine-poggvehicle with 50% more battery
storage is definitively superior to the ICE-powewethicle. It does, however, demonstrate the
flexibility that a turbine power plant offers inliele design. This would be especially useful if
modular auxiliary battery packs could be attacmedombat patrol situations where it is
preferable to sacrifice powertrain efficiency fotended stealth operations. Finally, the
vehicle’s plugin capability would be even more ofasset with a 50% larger battery pack,
although this would only be useful when externaligois readily available.

5.2.3.2. Battery Pack Charging Rate

Due to the relatively low power demands and thé&{pgwered nature of the battery
packs evaluated, there are relatively low battesgés during the drive cycles. One of the
drawbacks for charging a battery pack using a rcbine is that fuel efficiency under partial
loads is much lower than that of an ICE. This nseiuat the battery pack must be charged at
full load for the sake of fuel efficiency, whereas ICE could efficiently charge the battery pack
at half load, reducing internal battery losses @iadionging the lifetime of the battery pack.

While charging when the vehicle is at idle, a gatmrload of 6 kW (half load) results in
just over 50 W in continuous losses. At full lp#ttese losses doubled to just over 100 W, as
expected. Of course, once the vehicle is in mo@omgher rate of power generation is an asset,
as less power is required of the battery, theredayehsing losses. Notice in Figure 5-11 that the
lighter microturbine-powered vehicle will slighttiecrease battery losses.

62



Figure 5-11 Battery losses during a section ofHiA&JL Extended drive cycle.

To demonstrate the pros and cons of balancinggioglbattery efficiency, the 6-19 drive
cycle was used to demonstrate this critical difieeebetween an ICE and a microturbine.
Because the average power requirement for the dyiele is so low, it would be possible to
generate power at a much lower load to attemptdacge battery losses. As can be seen in Table
5-16, battery losses could be reduced by over 4p%eherating power at a lower rate. An ICE
can run fairly efficiently at this reduced loadneoming an additional 0.05 gallons of fuel
throughout the day. This difference is so smhéf it probably wouldn’t even register on the
fuel gauge. On the other hand, the Electric Jetigdine would consume an extra 0.22 gallons
for roughly the same reduction in battery lossh&sICE. It is inconceivable that this would be
considered an acceptable control strategy.
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Table 5-16 Comparison of fuel consumption and battesses at different loads
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5.2.3.8. Depth of Discharge and PHEV Considerations

5.2.3.3.1 Impact of changing SOC ranges

Increasing the depth of discharge of the batteckpavill increase the amount of utilized
energy, extending the electric range of the vehi€ler a smaller battery pack, this minimum
SOC would be limited by its maximum charge/disclaagceptance levels. Since the Volt
battery pack was designed for a full-sized vehittie,relatively low power demands will not
come close to the maximum charge/discharge leVatsedoattery pack, even at low SOC (found
in Appendix A Battery Pack Information).

In addition to peak power limitations, it is impamt to note that increasing the depth of
discharge will reduce the performance and rangbefehicle, should it need to operate at high
loads at the lower SOC limit. This is the mosehkworst-case scenario in which power limits
due to low SOC cannot be an option. Increasinglémh of discharge will also result in a
shorter battery life, which may be less of a finahburden on the military than it would be in
the private sector; however, a shorter batteryiéelld result in a noticeable degradation of the
tactical capabilities (such as EV operations) atvHEUSS is intended to offer.

In this case study, the vehicle’s usable SOC ramgereased to 70%-40%. This boosts
the amount of usable energy in the battery paekd6 kWh - in effect, the same amount of
usable energy as increasing the size of the battesl by 50% without any weight gains. Figure
5-12 and Figure 5-14 demonstrate the effects chraing the usable SOC range on the two
drive cycles.
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Figure 5-12 Battery SOC of the vehicles with areagied SOC range. Note distances traveled outsithe aformal
SOC range (dashed lines)

Figure 5-12 demonstrates two possible scenarifut day of patrols before returning to
the FOB, allowing for the vehicle to be efficientigarged via external power (the ideal
scenario), or a full day of operating near the gnbefore getting ambushed, necessitating high-
speed retreat or casualty evacuation that requi@@ power than what the power plant can
continuously sustain (worst case scenario). Herrdason, it may be better to skew the SOC
ranges higher so as to reserve more energy fomangency scenario.

Figure 5-13 6-19 Long drive cycle performance waithextended SOC range
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Evaluation using the 6-19 Long drive cycle dematis8 the increased range of EV
operations outside of the normal SOC range. Tigetaamount of usable energy in the battery
pack serves to increase the amount in which theotoidbine-powered vehicle outperforms the
ICE vehicle’s EV range. In effect, the microturbigoes from normally outperforming the ICE
vehicle by 1.79 km (1.1 miles) to 2.68 km (1.67eaws)l allowing for 5 hours of operations before
engaging the microturbine.

Table 5-17 6-19 Long EV Ranges due to changes i@ &@0ge
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The HAUL Extended drive cycle in Figure 5-14 feawhigh power usage at lower SOC
levels. As shown in Table 5-18, the increases\ir&nhge are more or less identical to that of
the 6-19 drive cycle.

Figure 5-14 Battery SOC of the vehicles with areagied SOC range. Note distances traveled outsitle aformal
SOC range (dashed lines)
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Table 5-18 HAUL Extended EV Range due to chang&0g range
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One adverse effect of high power use at low SQ@dsncrease in internal battery
losses. A combination of lower voltages (causiigihér current draws) and rising battery
impedance will increase battery losses. This mmeean losses, seen in Table 5-19, is higher in
the heavier ICE-powered vehicle due to higher ayemower requirements. However, these
adverse effects can be considered negligible.

Table 5-19 Impact on SOC range on battery losses
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The selection of an SOC range should be made becgesigned battery pack has been
characterized.

5.2.3.3.2 Impact of plug-in charging

The vehicle is modeled as a PHEV by initially staytthe battery pack at 80% SOC and
incorporating the normal thermostat strategy usdtlis thesis upon battery depletion. Figure
5-17 and Figure 5-16 show the SOC of the PHEV batiack for each drive cycle. The dash
lines indicate the normal SOC bounds, while theedbline indicates the initial PHEV charge
level in order to portray the additional operatiofiered by trickle charging the battery.
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Figure 5-15 6-19 drive cycle performance as a PHEV

Figure 5-15 demonstrates the ideal scenario fafEBWP 7 hours of foot patrol on a
single charge. If the patrol were to return toplént of origin, the vehicle could be recharged
externally, never once using the power plant. Wnofmately, this drive cycle does little to
demonstrate the maximum autonomous EV range ofdhiele, or the benefits of using a
microturbine versus an ICE, necessitating implert@m of the extended 6-19 Long drive cycle.
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Figure 5-16 6-19 Extended drive cycle performarsa 8HEV

Figure 5-16 demonstrates the PHEV performancear6tth9 Long drive, which was
created to calculate the total EV range in the etrat the vehicle is capable of completing the
6-19 drive cycle on a single charge. The incredseitial usable energy underscores the weight
benefits of the microturbine for extended EV raraggedemonstrated in Table 5-20. For
example, the microturbine powered vehicle’'s EV migy3.13 km (1.95 miles) longer than the
ICE-powered vehicle’s range, and can complete tiieeedrive cycle on a single recharge. This
means that during this drive cycle, the ICE wasperation for 18 minutes longer than the
microturbine vehicle, bringing unwanted attentiortiie position of the squad it is intended to
support.

Table 5-20 6-19 Long drive cycle EV range as a PHEV
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During manually driven logistical supply runs, ihéial extra energy offered by a PHEV
is useful, as it extends the total operational eamigthe vehicle before refueling. In the case of
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the HAUL Extended drive cycle, the vehicle can &l&.5 km before depleting the battery pack
to the HEV’s normal starting SOC. This is sigrafit, as it is over one-third of the total
distance traveled in this drive cycle.

Figure 5-17 HAUL Extended drive cycle performanseadPHEV

Most telling in the HAUL Extended drive cycle isetfact that an entire round-trip supply
run can be completed solely on plug-in power.his scenario, a round-trip resupply/casualty
evacuation mission can be conducted in EV modee ifi¢trease in EV range also demonstrates
the benefits of the lighter microturbine. Whiletturbine-powered HEV can travel an additional
kilometer farther than its ICE counterpart, a miarbine-powered PHEV can travel 2 km farther

than the ICE PHEV.

Table 5-21 PHEV Haul Extended EV range
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5.3 ADVANTAGES OF AMICROTURBINE POWER PLANT

The advantages of a microturbine power plant ansidered in light of the fact that the
desired platform for HEV-GUSS is a SHEV, with thesoled operation to be that of an EREV.
Therefore, when comparing microturbine and ICE poplents, the power plants are evaluated
in identical roles; the fact that an ICE would letér suited in other hybrid vehicles is
irrelevant. This is likewise true of the disadwages shown in the next section of this chapter.

The ideal power plant for an EREV vehicle is lightght and compact so as to not
inhibit EV range; in this regard, microturbine geaters beat all other power plants. Because
weight reduction directly reduces energy consunmpi@omicroturbine can extend the vehicle EV
range, reduce power plant run time, and dependith@fuel efficiency, even reduce total fuel
consumption.

The U.S. military’s standardized fuel is JP-8, #fiere requiring that the power plant be
capable of burning diesel, as the two are combustdte same fashion. This is a critical
disadvantage for a diesel ICE power plant, whicigh& more than its gasoline counterpart. A
microturbine is not impacted by this distinctioncan burn any fuel source it encounters in the
field without additional weight.

That a microturbine frees up weight for other designsiderations is almost as
important as the direct evaluation of the perforogabenefits of using a microturbine rather than
an ICE. This thesis shows that this free weightloa used to increase payload capacity by over
20%, or that the battery pack could be increaseéxtended EV range and more ideal
microturbine operation. However, this free weigah also be used for other, more tactical
design considerations. Armor, IED detection laisj weapon systems are just a few of the
upgrade possibilities that the military may de$imethe GUSS platform, as it has for almost all
ground vehicles in the field today. Indeed, it banargued that this fact alone justifies the
implementation of a microturbine, as a turbine poplant was for the M1 Abrams tank.

5.4 DISADVANTAGES OF AMICROTURBINE POWER PLANT

A key issue in the microturbine industry has alwiagen the need to develop products
that have fuel efficiency comparable to that ofieglently-sized diesel generators. Only
recently has it been possible to produce efficremtroturbines smaller than 30 kW that can be
competitive, and then only at full load. The incgplions of poor fuel efficiency were
demonstrated first by comparing a microturbine witha recuperator to an ICE, and then again
by comparing the same microturbine at half loath®ICE at half load.

Ultimately, the vehicle can only operate while thex electric energy available, and a
power plant can only generate electricity if thisréuel available. A power plant that burns
through fuel 50% faster while producing identicaiyer will not remain an asset in the field,
regardless of weight savings. However, the Blagktrmicroturbine shows promising fuel
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efficiency, and while it is still marginally les#fieient than an ICE, the weight savings of the
microturbine can reduce the amount of fuel consuchethg a drive cycle.

In order to achieve competitive fuel efficiendye tmicroturbine must run at a constant
full load. Unlike an ICE, a microturbine cannotickly power on during high-powered spurts
mid-drive cycle, nor can it efficiently reduce disarging rate during low power durations. The
inability of the microturbine to engage intermittigrin blended CD operations limits the
possibility of improving both fuel and powertraiffieiency during the drive cycle. More
analysis of improving the charging strategy needset conducted in order to quantify the
possible benefits specific to the operations ofHE&/-GUSS.

The heavy-handed nature of the microturbine’s id@akation necessitates a large
battery pack capable of accepting the turbine’sléad while the vehicle is at idle, without
incurring damage or significant losses. This waisam issue for the 12 kW microturbine with
the Chevy Volt battery pack, as the Volt is pavath a 55 kW generator and is most likely
designed to accept sustained charging loads ofAL2 However, should the vehicle size be
increased such that it necessitates a larger polaet (for example, 30 kW), then a battery pack
of this nature may not be feasible. Modeling & HHEV-GUSS has shown that a 12 kW power
plant is sufficient for both autonomous and mamusa. When this power plant is paired with a
battery pack similar to the Volt’s, the issue oaaling at too high a rate should be avoided.

5.5 CONCLUSION

The case studies conducted in this thesis havategly demonstrated that a
microturbine power plant can effectively extend Evige, increase payload size, and offer
additional flexibility in hybrid design. It canehefore be argued that it is not only possible to a
power a HEV-GUSS with a microturbine power plant ib may also significantly improve the
tactical effectiveness of Marines in the field. w&ver, this conclusion is based on a specific set
of parameters, and prone to uncertainties.

The two greatest uncertainties at the presenharenaituration of small microturbines to
become increasingly lighter and more efficient, #relevolution of unmanned ground vehicles
on the battlefield. If the Bladon Jet microturboan maintain efficiency at or near the same fuel
efficiency of an ICE, selecting the microturbinewabbe an appropriate decision. However,
should microturbine power plants be unable to mé#tetefficiency of ICEs, the heavier ICE
would be preferable.

These uncertainties are why the ultimate desigrsaecdepends upon the vision that the
Marine Corps and the U.S. military at large hastfierrole of UGVs in the 21st century. The
GUSS program currently focuses on mostly autononopesations of a small vehicle, and this
thesis addresses these specific design considesatlbthe tactical value of EV operations in
combat situations is realized, thereby justifyiaggker batteries and a lighter power plant, this
thesis indicates that a turbine would be the besistbn. If the military decides that it wants a
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larger vehicle requiring a larger power plant, @¢a and more efficient microturbine or two
paralleled microturbines may be even more efficieah an ICE. Then again, the military may
desire an autonomous vehicle that is mostly maypwgaierated in non-stealth situations, calling
into question the very design decision to makevtitecle a SHEV.

Nevertheless, the GUSS program has evolved taiitgmt state by directly observing the
specific needs of a ground vehicle for squad sugpdhe field. If and when these design
parameters change, the simulator created forliesig can conduct further evaluations. In spite
of these uncertainties, modeling a GUSS platforntivhas been proven to be effective in the
field is the best indicator of whether or not a mtarbine power plant should be considered for
HEV-GUSS.

In conclusion, it has been shown that a microtwdpowered vehicle can significantly
improve its tactical usefulness to a squad whenneeded most: the last tactical mile between
the platoon and the enemy. In allowing for anaxtile of silent maneuvering without drawing
extra attention to the vehicle, the squad is safere mobile, and therefore a greater threat to
enemy combatants. Given that this is the interdfcthe GUSS program, a microturbine-
powered HEV will only serve to further this goal.
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Chapter 6 FUTURE WORK

This thesis covered several complex topics justgyurther work in order to fairly
evaluate ICE and turbine-powered HEVs. Of paréicubte is the need to improve power plant
charging strategies beyond a simple thermostéesglya Since the ICE has the ability to be
operated more efficiently via a power-follower s#igy or a combination of the two strategies, a
more efficient charging strategy should be evalliébedetermine additional ICE fuel savings
that a turbine would be incapable of achieving.fddmnately, this was beyond the scope of this
thesis.

The combination of HEV power generation and autonoffers several valuable
opportunities for improving powertrain efficiencfath planning with knowledge of the future
route may allow for the vehicle to anticipate poweeds based upon terrain. For example, if the
vehicle knows that in a mile, it will need to clinakhill at set a distance and grade, it can warm
up the turbine in anticipation for a blended CDrmapien. Another example of taking advantage
of route knowledge is the ability to arrive at aaing station upon completing a patrol with a
low battery in order to conserve fuel.

The small size of a microturbine power plant alfers the possibility of designing the
vehicle to be a pure EV with a modular design. sTthbodularity would enable the microturbine
to be a detachable APU, and could also allow falitewhal auxiliary battery packs to be
installed to increase the vehicle range. This nerdy, made possible due to the power density
of the lightweight microturbine, is inconceivabte fin ICE APU of similar size.

In conclusion, more work should be conducted ongresaving techniques for the
autonomy system. Increased power consumptionttlinesults in decreased EV range, and
reduction of auxiliary loads is just as importasteight reduction. Unlike many conventional
vehicles, an EV is designed to be Drive-By-Wirejshireduces or eliminates the mechanical
actuators that would consume a considerable anafypdwer. Therefore, the majority of power
savings for the autonomy system would be foundanplémenting a standby mode or hibernation
for non-essential systems until they are needed.
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APPENDIXA BATTERY PACK INFORMATION

Figure A-1

Vehicle Details and Specifications [28]. Chevrolelt — VIN 3929 Advanced Vehicle Testing —
Beginning-of-Test Battery Testing Results. (2012Reed October 20, 2014, from
https://www1.eere.energy.gov/vehiclesandfuels/adfa/phev/battery volt 3929.pdf
Department of Energy, 2014
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Figure A-2

Voltage vs. Energy Discharged. Chevrolet Volt — \A8R29 Advanced Vehicle Testing —
Beginning-of-Test Battery Testing Results. 2012rieéd October 20, 2014, from
https://www1.eere.energy.gov/vehiclesandfuels/adf@/phev/battery volt 3929.pdf
Department of Energy, 2014

79



Figure A-3

Summary of Test Results. Chevrolet Volt — VIN 398%/anced Vehicle Testing — Beginning-of-
Test Battery Testing Results. 2012 Retrieved Octobe0, 2014, from
https://www1.eere.energy.gov/vehiclesandfuels/adf@/phev/battery volt 3929.pdf
Department of Energy, 2014
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Figure A-4
Charge/Discharge Resistance vs. Energy DischarGbévrolet Volt — VIN 3929 Advanced
Vehicle Testing — Beginning-of-Test Battery TestRgsults. 2012 Retrieved October 20, 2014,
from https://www1.eere.energy.gov/vehiclesandfuels/adfs/phev/battery volt 3929.pdf

Department of Energy, 2014
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Figure A-5

Charge/Discharge Power Capability vs. Energy Dispddh  Chevrolet Volt — VIN 3929
Advanced Vehicle Testing — Beginning-of-Test Batt€esting Results. 2012 Retrieved October
20, 2014, from

https://www1.eere.energy.gov/vehiclesandfuels/adf@/phev/battery volt 3929.pdf
Department of Energy, 2014
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Figure A-6

Peak Charge/Discharge and Usable Energy vs. Povirefgy Discharged. Chevrolet Volt —
VIN 3929 Advanced Vehicle Testing — Beginning-ofsT 8attery Testing Results. 2012
Retrieved October 20, 2014, from
https://www1.eere.energy.gov/vehiclesandfuels/adfa/phev/battery volt 3929.pdf
Department of Energy, 2014
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APPENDIXB SamPLE CODE

1. Function to generate desired drive cycle data.

function  [Recharge,Table,Distance,Pbatt_loss,Tavg, TimeofRec
fuelconsumption, Egen, FuelConsumed, RunTime, Avera
E_battery_total,

MaxRange,EnergyGenerated, Total_Distance,Pbatt,Pload
BattWeight(
VehicleParameters,FilteredFileName,SOCgen,Battery Ty
%BattWeight This function takes individual battery

%parameters and generates vehicle drive cycle perfo

% Generates B

% Vavg = AverageVelocity (m/s
% Accel = Acceleration (m/s”2)
% Distance = Total Distance (m)

%% Vehicle Parameters
VehicleWeight=2170; % Vehicle Weight (Ibs)
% Load Power Plant & Battery Weights
load( 'Turbine_dat' )
if stremp(PP, ‘Turbine' )>0
index=16;
PowerPlantWeight=125;

else
if stremp(PP, ‘'EJTurbine’ )>0
index=1;
PowerPlantWeight=75;
else
if stremp(PP, 'EJTurbineHalf' )>0
index=5;
PowerPlantWeight=75;
else
if stremp(PP, ‘'ICEHalf" )>0
index=18;
PowerPlantWeight= 700;
else
index=17;
PowerPlantWeight= 700;

end
end
end

end
% Generate Fuel Flow Information
FuelFlow=FuelFlow(index);
% Select Rated Electric Output of Power Plant.
% Correct EJ info if selected

if index<2
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Power=Power(index).*.95;
else

Power=Power(index);
end

%% Load Chevy Volt Battery Pack Information
load( '‘ChevyVolt_Battery Char.mat' )

% Factor battery size into internal battery resista nce
BatteryPackWeight=BatteryWeight;
factor=BatteryPackWeight./Weight;

Emax=factor.*Emax;

ChargeResistance=ChargeResistance./factor;
DischargeResistance=DischargeResistance./fa ctor;
% Check for Payload
if log<l
LoadWeight=0;
else
LoadWeight=2000;
end
%% Tally total weight
Weight=VehicleWeight+PowerPlantWeight+BatteryPackWe ight+LoadWeight;

Weight=Weight*0.4536; % Vehicle Weight (Ibs) Adjusted for battery size
Cd=.7; % Drag Coeffient

Af=2.3; % Front Area (m"2)

Rho=1.2; % Air Density (kg/m”"3)

0=9.81,; % gravity (m/s”)

Cr=.06; % Tire Resistance Coefficient

r=.356; % Tire Radius (m)

m=Weight*0.4536; % Vehicle Mass(kg)

GR=1; % Gear Ratio

%% Initialize Drive Cycle Data

load(FilteredFileName, "Tavg' , 'Pitchavg' , 'WheelSpeed' )
Distance=zeros(1,length(Tavg)); Y%initialize
Faero=zeros(1,length(Tavg)); Y%initialize
Ftr=zeros(1,length(Tavg)); Y%initialize
Fg=zeros(1,length(Tavg)); %initialize
Fi=zeros(1,length(Tavg)); %initialize
Ftotal=zeros(1,length(Tavg)); Y%initialize
Tw=zeros(1,length(Tavg)); Y%initialize
RPM=zeros(1,length(Tavg)); Y%initialize
Paero=zeros(1,length(Tavg)); %initialize
Ptr=zeros(1,length(Tavg)); %initialize
Pg=zeros(1,length(Tavg)); Y%initialize
Pi=zeros(1,length(Tavg)); Y%initialize
Ptotal=zeros(1,length(Tavg)); Y%initialize
Etr=zeros(1,length(Tavg)); %initialize
TotalEtr=zeros(1,length(Tavg)); %initialize
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for i=3:length(Tavg)

%% Vehicle Motion

%Velocity

Vavg(i)=WheelSpeed(i);

% Total Distance
Distance(i)=.5*abs(Vavg(i))/1000+Distance(i-1);
% Acceleration
Accel(i)=(abs(Vavg(i))-abs(Vavg(i-1)))/.5;

%% Tractive Wheel Forces

% Force Air
Faero(i)=Rho*Af*Cd*Vavg(i)"2/2;
% Force Tire Resistace
Ftr(i)=Cr*m*g*cosd(Pitchavg(i));

% Force Grade
Fg(i)=m*g*sind(Pitchavg(i));

% Force Inertial
Fi(i)=m*Accel(i)*1.04;

% Force Total
Ftotal(i)=Faero(i)+Ftr(i)+Fg(i)+Fi(i);
%% Wheel Conditions - Not used, but helpful for siz
% Torque at Wheel
Tw(i)=Ftotal(i)*r; %Nm

% Wheel RPM
RPM(i)=Vavg(i)*pi*r2;

%% Tractive Wheel Power

% Force Air
Paero(i)=Faero(i)*abs(Vavg(i))/1000;
% Force Tire Resistace
Ptr(i)=Ftr(i)*abs(Vavg(i))/1000;

% Force Grade
Pg(i)=Fg(i)*Vvavg(i)/1000;

% Force Inertial
Pi(i)=Fi(i)*abs(Vavg(i))/1000;

% Force Total
Ptotal(i)=Paero(i)+Ptr(i)+Pg(i)+Pi(i);

%% Power Demands - Road Load

ing motor

%kW

Paux=0; % Defining Aux loads as 0. Could define as .220kW

Pload(i)=(Ptotal(i)+Paux); % kW
if Pload(i)<0,
Pload(i)=Pload(i)*.85;
else
Pload(i)=Pload(i)/.85;
end
%% Tractive Wheel Energy
% Tractive Energy
Etr(i)=Pload(i)*.5;

% Total Energy
TotalEtr(i)=(Etr(i)+TotalEtr(i-1));
TotalEtr_kWh(i)=TotalEtr(i)*.000277777;

% Converting to kWh
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end

%% Battery Simulation
% Simulates the usage of a Chevy Volt Battery pack.

% Change SOC Bounds here for different SOC bounds.

% Establish SOC conditions

SOCupper=65; % 65% SOC is when the Volt starts to run blended
SOClower=45; % 45% SOC is lower bound in mountainous conditions.
Eupper=Emax*SOCupper/100;

Elower=Emax*SOClower/100;

SOCBatt=SOCBatt.*100;

%% Initialize

SOC=[65.*ones(length(Tavg),1) ; % Change Initial SOC value here for PHEV
Operations!

Egen=zeros(length(Tavg),1);

Ebatt_loss=zeros(length(Tavg),1);

Pgen=zeros(length(Tavg),1);

Igen=zeros(length(Tavg),1);

E_battery total=Emax.*SOC(1)./100.*ones(length(Tavg ),1);
P_req_batt=zeros(length(Tavg),1);

P_battery=zeros(length(Tavg),1);

Pbatt_loss=zeros(length(Tavg),1);
fuelconsumption=zeros(length(Tavg),1);

i=2;

%% Thermostat Strategy

while i<length(Tavg)

if SOC(i-1)<SOCgen
while SOC(i-1)<SOCupper && i<length(Tavg)
if Tavg(i+1)-Tavg(i)>.5
Pgen(i)=0;
ThermEff(i)=0;
Fuel(i)=0;
else
Pgen(i)=Power;
Fuel(i)=FuelFlow*.5;

end

%lInternal Battery Resistance Calculations

k=find(SOCBatt>SOC(i-1),1, last' );
V(i)=Voltage(k);
Itr(i)=Pload(i)/V(i)*1000; %convert current back to amps from kA

Igen(i)=Pgen(i)/V(i)*1000;
Ibatt=Igen(i)-Itr(i);
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%Battery Power Calculations
%instantaneous power, (kW)

if lbatt>0
R(i)=ChargeResistance(k);

else
R(i)=DischargeResistance(k);

end
Pbatt_loss(i)=Ibatt"2*R(i)/1000; %convert to kW
Pbatt(i)=Pgen(i)- abs(Pbatt_loss(i))-PI oad(i);
%Battery Energy Calculations
E_batt(i)=Pbatt(i)*.5/3600; %instantaneous Energy in battery
(kWh)
E_batt_loss(i)=Pbatt_loss(i)*.5/3600;
E_battery total(i)=E_battery_ total(i-1) + E_batt(i);
SOC(i)=E_battery_total(i)/Emax*100;
fuelconsumption(i)=fuelconsumption(i-1) +Fuel(i);
Egen(i)=Egen(i-1)+Pgen(i)*.5/3600; % kWhr
if i<length(Tavg)
i=i+1;
end
end
else
Pgen(i)=0;
ThermEff(i)=0;
Fuel(i)=0;

%lInternal Battery Resistance Calculations
k=find(SOCBatt<SOC(i-1),1, first' );
V(i)=Voltage(k);

Itr(i)=Pload(i)/V(i)*1000;

Igen(i)=Pgen(i)/V(i)*1000;

%Battery Power Calculations

if Igen(i)-Itr(i)>0
R(i)=ChargeResistance(k);

else
R(i)=DischargeResistance(k);

end
Pbatt_loss(i)=(Itr(i))*2*R(i)/1000;

Pbatt(i)=-Pload(i)-abs(Pbatt_loss(i));

%Battery Energy Calculations
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E_batt(i)=Pbatt(i)*.5/3600; %instantaneous Energy in battery

(kwWh)
E_battery total(i)=E_battery total(i-1)
Ebatt_loss(i)=Pbatt_loss(i)*.5/3600;
SOC(i)=E_battery_total(i)/Emax*100;
fuelconsumption(i)=fuelconsumption(i-1)
Egen(i)=Egen(i-1)+Pgen(i)*.5/3600;
if i<length(Tavg)
i=i+1;

end
end

end
%% Final Recharge
% Used for examination, but never used.

Eend=(SOCupper-SOC(i-1))/100*Emax;
Chargetime=Eend*3600/(Power);
if Chargetime<0.01;

Chargetime=0;

Eend=0;
end
ChargeFuel=Chargetime*FuelFlow/3.402;
Recharge=[Chargetime/60 ChargeFuel Eend]’;
Chargetime=Chargetime/60;

%% Calculate EV Range

i=1;

while SOC(i)>SOCgen && i<length(SOC)
i=i+1;

end

MaxRange=Distance(i);

TimeofRecharge=i/120;

%% Summation of Things

Vmph=Vavg/.45;
FuelConsumed=max(fuelconsumption)/3.402;
RunTime=sum(Pgen)./Power*.5/60;
AveragePower=mean(Pload);

PeakPower=max(Pload);

EnergyConsumed=sum(Etr)/3600;

EnergyGenerated=0;

Table=[FuelConsumed ChargeFuel FuelConsumed+ChargeF
RunTime+Chargetime AveragePower EnergyConsumed Eend
PeakPower MaxRange];

%%

SOC=SO0C(1:length(SOC)-3,:,);

Tavg=Tavg(1:length(SOC));

Pgen=Pgen(1:length(SOC),:,);

Vmph=Vmph(1:length(SOC));
fuelconsumption=fuelconsumption(1:length(SOC));

%% Table

Top_Speed=max(Vavg)/.45;

Top_Acceleration=max(Accel);
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Peak Power=max(Ptotal);
Total_Energy=max(TotalEtr_kWh);
Total_Distance=max(Distance);

end
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2. Driver to generate conditions to produce drive cyd data.

%% Drive Cycle Analysis Driver

% This program is designed to accept a combination of Power Plant and Battery
Pack Types

close all

clear all

clc

%%

MODEL#*aulextended' ;7 % Select model

log=1; % Select Payload 1=2000 Ibs Payload 0=No Payload
SOCgen=45; % Select Minimum SOC level

%% Read

VehicleParameters=strcat( 'Polaris’ , ' _Parameters’ ,'' ,T" ,'" ,'mat" ),
FilteredFileName=strcat(MODEL, ‘" ,MODEL, VelocityProfile' U mat' )
if log<l

PAYLOAD= " ;
else

PAYLOAD= 'LOG' ;
end

%%

B={'Volt' ,'Volt150%" , 'Volt50%" };
PP={'Turbine' ,'ICE' ,'EJTurbine' };
BatteryWeight=[435 652 217.5];

%% Battery Selection Loop
for BatteryType=1:1 % Select 1-3 for Battery Packs listed in ‘B’

%% Power Plant Selection Loop

for i=1:2;

[Recharge(:,i,BatteryType),Table(i,:,BatteryType),D istance(;,i,BatteryType),P
batt_loss(:,i,BatteryType),Tavg, TimeofRecharge(i,Ba tteryType),
SOC(:,i,BatteryType), fuelconsumption(:,i,BatteryTy pe),
Egen(:,i,BatteryType), FuelConsumed(i,BatteryType), RunTime(i,BatteryType),

AveragePower, EnergyConsumed(i,BatteryType),
E_battery_total(:,i,BatteryType),

MaxRange(i,BatteryType),EnergyGenerated(i,BatteryTy pe), TotalDistance(i,Batter
yType),Pbatt(:,i,BatteryType),Pload(:,i,BatteryType ),Pgen(:,i,BatteryType),Pt
otal(:,i,BatteryType),Vmph]=BattWeight(VehicleParam eters,FilteredFileName,SOC
gen,BatteryType,B(1),BatteryWeight(BatteryType),PP( i),loQ);

end

end

%%
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format shortg
SOCDATAC(,i,BatteryType)=SOC(;,i,BatteryType);
%% Plot

% Scale X axis for correct time

if length(Tavg)< 7500
Time=Tavg/60;
TimeScale=[min(Time),max(Time)];
Xlabel= Time(min)'

else
Time=(Tavg./3600+7*ones(1,length(Tavg))).*100;
TimeScale=[min(Time),max(Time)];
Xlabel= '‘Local Time' ;

end

%% Plot SOC Battery & Charging Profile Plot

figure(1)
subplot(2,1,1)
hold on
plot(Time,Vmph)
title(strcat( 'HAUL Extended Drive Cycle Velocity Profile’ )
ylabel( ‘Velocity (mph)' )
xlabel(Xlabel)
xlim(TimeScale)
hold off
subplot(2,1,2)
hold on
plot(Time,SOC(;,1,1),Time,SOC(;,2,1))
area(Time,Pgen(:,2)*3.33, 'FaceColor' , 'green' )
area(Time,Pgen(:,1)*3.28, 'FaceColor' , 'blue' )
plot(Time,65.*ones(length(SOC),1), 'LineStyle' ,'==" ,'Color ,'red" )
plot(Time,45.*ones(length(SOC),1), 'LineStyle' ,'==" ,'Color ,'red" )
plot(Time,SOCgen.*ones(length(SOC),1), 'LineStyle' , " ,'Color' ,'red" )
title( '‘Battery SOC & Charging Profile’ )
ylabel( 'SOC (%)" )
xlabel(Xlabel)

ylim([25 75])

xlim(TimeScale)

legend({ "Turbine' ,'ICE' })
hold off

%% Generate Table Data

Turbine=[Recharge(:,1,)];

ICE=[Recharge(;,2,) ];

RechargeTable=table(Turbine, ICE, 'RowNames' ,{ 'ChargeTime' ; 'Fuel
Consumed' ; 'SOC' })

Turbinel00=Table(1,:,1)";

ICE=[Table(2,:,1)" ];

T=table(Turbinel100, ICE, 'RowNames' ,{ 'FuelConsumed' ;' ChargeFuel' ; 'Total
Fuel' ;'RunTime' ;'Charge Time' ; 'Total Run Time' ; 'AveragePower’
'‘EnergyConsumed’ ; 'Eend' ; 'EnergyConsumed+Eend'’ ; ‘'PeakPower' ; 'MaxRange' })

92



APPENDIXC ADDITIONAL TABLES

Table C-1 6-19 100% & 50% battery pack reducticsults.
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Table C-3 Comparison of Larger Battery Pack to ebinge and ICE Powered vehicles with a normal slaattiery
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