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SUMMARY

Fuel cell powered aircraft have been of long temterest to the aviation community
because of their potential for improved performaace environmental compatibility.
Only recently have improvements in the technoldgieadiness of fuel cell powerplants
enabled the first aviation applications of fuell dechnology. Based on the results of
conceptual design studies and a few technology dstragion projects, there has
emerged a widespread understanding of the impaatahtuel cell powerplants for near-
term and future aviation applications. Despites,tmhany aspects of the performance,
design and construction of robust and optimized ¢e## powered aircraft have not been

fully explored.

This goal of this research then is to develop aprawed understanding of the
performance, design characteristics, design trésleaihd viability of fuel cell
powerplants for aviation applications. To accomstplihese goals, new modeling, design,
and experimental tools are developed, validated applied to the design of fuel cell

powered unmanned aerial vehicles.

First, a general sub-system model of fuel cell pplesmt performance, mass and
geometry is derived from experimental and theoaktiavestigations of a fuel cell
powerplant that is developed in hardware. Thedielatad fuel cell subsystem models
are then incorporated into a computer-based, aitintegrated, parametric, and
optimizeable design environment that allows for ¢bacurrent design of the aircraft and
fuel cell powerplant. The advanced modeling arglgiretechniques required for modern

aircraft design (including multi-disciplinary analg, performance optimization under

XXVi



uncertainty and system performance validation), egplied at the fuel cell subsystem
level and are linked to aircraft performance ansiglemetrics. These tools and methods
are then applied to the analysis and design ofdeklpowered aircraft in a series of case

studies and design experiments.

Based on the results of the integrated fuel cedtesy and aircraft analyses, we gain a
new understanding of the interaction between polartpand application for fuel cell
aircraft. Specifically, the system-level desigitesia of fuel cell powerplants for aircraft
can be derived. Optimal sub-system configuratmfrttie fuel cell powerplant specific to
the aircraft application are determined. Finabiptimal energy management strategies

and flight paths for fuel cell and battery hybriglizfuel cell aircraft are derived.

The results of a series of design studies are ataltt using hardware in the loop
testing of fuel cell propulsion systems and fieddting of a series of fuel cell powered

demonstrator aircraft.

XXVii



CHAPTER 1

INTRODUCTION

The focus of this dissertation is the modeling,iglesind energy management of
fuel cell powerplants for aircraft. This chapteegents an introduction and motivational

background to the topics of systems modeling asihdeand fuel cell powerplants.

1.1  Systems Modeling and Design

The modeling and design aspects of this investigabuild on the tools of
multidisciplinary analysis and design as exerciselthe aerospace design community.

Any non-trivial design process consists of numerquecesses that exhibit
varying degrees of interconnection and interrefatjib,2]. Traditionally, this design
process had to be handled by a single expert dasighno had enough experience in the
entire problem domain so that the designer was tabjgliide the design through decision
making. As the complexity of design has increasgtth increasing scale, increasing
scope, incorporation of uncertainty, design for stoaint robustness, and multi-stage
decision making processes, the requirements of@mkr have increased so that no one
person can perform satisfactorily .

Multidisciplinary analysis and design have evolwedenable the analysis and
design of complex systems. The tools of multigiboary design allow for the
decomposition of a monolithic and integrated desigalysis problem into a series of
independent sub-processes with defined inputsutgignd interconnections between the
sub-processes. The casting of a design problemthig multi-disciplinary analysis form

is generally a subjective task, that must inforrbgdknowledge of the information that is



required of the analysis. Analyses with the puepodesign, of validation, of decision
support, of design space exploration must all hdifference decomposition form. The
determination and defense of the form of the ndikciplinary analysis and design
problem is a central problem in systems modelirgydasign.

Optimal design problems consist of choosing theiggeparameters of the
multidisciplinary analysis so as to maximize a gesobjective subject to constraints [3].
The design then goes from conceptual design, wihereesign exists entirely in models,
to detail design, where the physical, realizealplecgications of the components have
been made [4]. The process of going from concéptudetail design for complex and

multidisciplinary systems is a developing fieldsystem design.

1.2  Fuel Cell Introduction

Fuel cells are direct electrochemical conversioniais that convert the chemical
energy in reactants to electrical energy and prisdudhe primary fuel cell systems of
near-term application interest for transportatipplecations are the polymer electrolyte
membrane (PEM) fuel cell, the solid oxide fuel q8OFC), the alkaline fuel cell, and
the phosphoric acid fuel cell. Of these technasgithe PEM fuel cell fueled by
hydrogen is acknowledged to be the most technicadljure fuel cell technology and the
most well adapted to transportation-scale appboatii5]. Despite this, all of these fuel
cell technologies will need to be investigatedha tuture for applicability to the aviation
application as they all have characteristics thay tre advantageous. For instance, direct
methanol and SOFCs are characterized by lower fsppower than PEMFCs, but they
can be fueled from liquid hydrocarbon fuels, whiehl allow for improved specific

energy [6,7].



Only recently have the costs, reliability and sfiegoower of mobile fuel cell
powerplants improved to the point where the fudl can be considered for mass
production and mainstream commercial applicati@3][

Fuel cell powerplants are electric drive powerpatitat convert the energy in
fueling reactants mechanical output energy throamgtelectrical pathway. The fuel cell
system provides electrical power to an electric @drain that consists generally of a
power management device, a traction electric maiwa,a motor controller.

The fuel cell system consists of several subsysianisding water management,
thermal management, hydrogen storage, hydrogen gearent, controls, etc. Each of
these systems is made up of physical componentaithassembled to construct the fuel
cell system, as shown in Figure 1. These fuelszddsystem components are assembled
to make up the fuel cell system. The fuel cellteysis a subcomponent of the
powerplant for the aircraft. The powerplant isrtldesubsystem of the application, in this
case a fuel cell powered aircraft. In this wolhkede distinctions define the application,

powerplant, fuel cell system and fuel cell subsyst®emponents.

Application

Powerplant

Wing Energy Mgt. ll Fuel Cell System
. Radiator Stack H2 Tank
Vission | Radiator Jf Compressor | Stack

Controls Power Mgt. Humid. MEA
s ] Conirol | gt. i Humid. [ MEA |

Figure 1. Decomposition of fuel cell aircraft modehg into application, powerplant system and

subsystem modeling domains



1.3  Fuel Cell Flight Project Overview

This dissertation is a component of a larger reseaffort to work towards the
development of design tools and analysis methoddui cell aircraft. In support of
these goals, a fuel cell aircraft design and dennatisn project was started in 2004 as a
collaboration between the Aerospace Systems Désigoratory at the Georgia Institute
of Technology Daniel Guggenheim School of AerospBogineering and the Georgia
Tech Research Institute. This research was fumadegart by the NASA University
Research Engineering Technology Institute grarthéoGeorgia Institute of Technology.
The primary research objectives of this project: e development of validated
methodologies and tools for fuel cell aircraft desithe analysis of tradeoffs between the
requirements of the fuel cell system and the reguénts of the aircraft application, and
the demonstration and experimental testing of #esenf fuel cell unmanned aerial
vehicles (UAVS).

The methods of investigation for this researchrée#@olved over its course. The
research effort began with the conceptual desiga démonstration fuel cell powered
aircraft. The initial design methods involved thevelopment of empirical contributing
analyses that described the set of commerciallyilabla technologies available to
construct the aircraft and fuel cell systems. Ghwetributing analyses were collected into
a design structure matrix which is used to maprair@erformance metrics as a function
of design variables over a defined design space.exhaustive search within the design
space was performed to identify optimal design igamétions and to characterize trends
within the design space so as to inform lower-ledesign decisions. These research

efforts were documented in [10].



The optimal design configuration was translatedo iftardware with the
development of an actual fuel cell powered dematistn aircraft. Bench and flight
testing were used to validate the design methodst@amlevelop new, scalable, physics
based and validated subsystem contributing analys€hese research efforts were
published in [11,12].

After the completion of the fuel cell flights inéglrsummer of 2006, the focus of
the project shifted towards generalization of tlesuits, improvement of the design
processes and exploration of the ultimate perfooeat fuel cell powered aircraft. The
new fuel cell and aircraft contributing analysesaveombined with a more sophisticated
optimization-based design tool to allow for morgorous and exhaustive design space
explorations. These research efforts were puldish¢l3,14].

These studies resulted in the introduction of tee project design goal of a fuel
cell powered aircraft with 24 hour endurance arahgatlantic range. Design studies
were performed that integrated new validation argeamental techniques such as
hardware in the loop, new design structure matexomposition forms and system
sensitivity analyses. These research efforts ywebdished in [15-17].

The last component of the project has involved batbrking towards the
construction and demonstration of tHé @eneration of fuel cell powered aircraft and the
generalization of the design and analysis methddiss dissertation presents the ultimate

results of this latest research effort.

1.4  Outline of this Document
This chapter (Chapter 1) provides an introductmithe Fuel Cell Flight research

project and presents the contributions of thisetdission.



Chapter 2 presents a literature survey of the deggvironmental impact, and
state of the field for fuel cell powered aircraftn addition, a literature review of the
fields associated with the research gaps addréssbi dissertation is included.

Chapter 3 presents the research questions andhegast that are the focus of this
dissertation.

Chapter 4 presents the models developed for temsareh effort to describe the
geometry, mass and performance of fuel cell systemponents. The construction of
the design system matrix is described with thenogfition methods used to define
optimal configurations. Validation of the fuel kslystem models is presented at the
component level and system level. The functiothefmodels within a design process is
validated.

Chapter 5 presents a series of design experimaimg the integrated fuel cell
system and aircraft system design tools. Compasisze made between conventional
fuel cell balance of plant design rules and newr@raptimal) design rules. Comparisons
are made between the results of optimization o$gstems and optimization of complete
systems. Finally a fuel cell UAV case study is duacted.

Chapter 6 presents methods and results for flightt pptimization and optimal
energy management strategies for hybrid fuel aedratt. A case study of a fuel cell
powered long endurance optimized aircraft is presken

Chapter 7 presents the design and developmenteoful cell demonstration
aircraft that was developed for this study. Congrdrand flight test results document

the performance of the aircratft.



Chapter 8 presents the architecture and test re$udt hardware in the loop
simulator for a fuel cell powered UAV.

Chapter 9 provides conclusions to the study andrarsary of future work.

Appendix 1 presents the detail design of the fadl mowerplant for the fuel cell
demonstration aircraft.

Appendix 2 presents the detail design of the fuell powerplant and test

equipment for the fuel cell hardware in the loapuiation.



CHAPTER 2

LITERATURE REVIEW

This chapter reviews the state of the fields asdediwith fuel cell powerplants
for aircraft. The first section reviews the gemeamsotivation for fuel cell powered
aviation. Next is a review of the state of undmmging of fuel cell aircraft design
requirements and applications. The last sectientifies the research needs for further

development of fuel cell powered aircratft.

2.1  General Motivation for Fuel Cell Powered Aviation
The cited motivations for the development of fuell @owerplants for aircraft
are:
Improved environmental compatibility relative to neentional
technologies [18],
Improved reliability relative to conventional teaiogies [18],
Reduced detectibility due to lower noise and thérenassions [19],
Improved specific energy relative to other avaiataichnologies [19].
The environmental impact and specific energy bénefi fuel cell powerplants

are reviewed in more detail in the following sento

2.1.1. Environmental Impact of Aviation

For this discussion, environmental compatibility fviation is broken down into
metrics of pollution and energy sustainability,these are where fuel cell technologies

may have a beneficial impact. For the foreseeiblee, aviation will be a contributor to



local and global atmospheric pollution in the foraisarbon monoxide, nitrogen oxides,
hydrocarbons, particulate matter, sulfur oxidesirbgen sulfide, carbon-dioxide, and
water. Aviation is responsible for approximatelyt% of the national nitrogen oxide
inventory. Locally, the impact of aviation emigssocan be larger. For the urban area of
Dallas-Ft. Worth, Texas, United States, aviatiorrasponsible for 6.1% of the local
nitrogen oxide inventory in 1996. Aviation alsosha significant impact on local noise
pollution in the form of engine noise emissions idgrtaxi and flight operations.
Carbon-dioxide, nitric oxides and upper atmospherater emissions are the primary
globally active pollutants from aviation. By 20&iation is predicted to be responsible
for roughly 5% of all athropogenic radiative forgin- a measure of climate change.
Aviation is also a minor contributor to global pgaum depletion. For the United States
in 2006, aviation consumed 4.8% of the nation’sgynéow and 8.4% of its petroleum.
In sum, the environmental impact of aviation is l@lative to other applications such as
automotive or stationary power generation, whichgasts that adoption of fuel cells by
the aviation industry may not be justified only &ydesire for improved environmental
compatibility. Despite this, in some aviation apations, fuel cell powerplants exhibit
performance benefits that can justify further depetent and commercialization outside

of any environmental benefits [20,21].
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Figure 2. Environmental impact of aviation

2.1.2. Specific Energy Comparison Among Powerplants

Many studies have shown that, in certain applicat@omains, fuel cell
powerplants can exhibit greater specific energy tt@mparable internal combustion and
electrochemical battery powerplants. Still, theas not been a study that compares the
energy density of fuel cell and conventional povenfs at the variety of power and
energy scales suitable for wide aviation applicegio

This section proposes a conceptual comparison leetive fuels and powerplants
that are available for fuel cell powered aircrafthe powerplants under consideration are
an internal combustion (IC) engine fueled by gamnlia PEM fuel cell with gaseous
hydrogen storage, a PEM fuel cell with liquid hygieo storage, a SOFC fueled by
propane, and a PEM fuel cell fueled by neat methano

All of the powerplants considered are composed udl fstorage and energy
conversion components, which convert the energsedtas fuel to propulsive energy.
The specific energy of the powerplant is theretofanction of the specific energy of the
fuel and the mass and efficiency of the energy emsign components. These variables

and therefore the specific energy of the powerpdaatfunctions of the power required of
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the powerplant and the energy required of the pplaet. For this study, the specific
energy of the powerplant is the rotational mechanemergy output of the powerplant
divided by the sum of the fuel, fuel tank, and gyezonverter (engine or fuel cell) mass.

For the IC engine, the analysis assumes that enbna&e specific fuel
consumption scales as shown in Figure 3 [22-24]e @ngine weight scales at 1.7kW/kg
[23], and the tank weight is 0% of the fuel weight.

For the hydrogen fueled PEM FC, the analysis assuha the fuel cell system is
60% efficient with respect to the lower heatingueabf hydrogen at all scales [17]. The
weight fractions of the gaseous [12,17,25] andiid@6-28] hydrogen storage systems
are scaled as shown in Figure 3. The hydrogen RE#fem masses are scaled at
500W/kg [29], and the direct methanol PEM systenssnia scaled (by its achievable
current density relative to direct hydrogen) at WBkg [6]. The electric motor is
assumed 90% efficient.

For the SOFC, the stack mass is scaled at 20Vétkgtacks less than 1kW [7],
and at 70W/kg for stacks greater than 1kW [30].e Bpecific propane consumption of

the stack is 287 g/lkwh DC [7], and the electric ond¢ assumed 90% efficient.
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Figure 3. Scaling of key inputs to low order powerfant comparison
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For each technology, the specific energy of the gyplant is calculated at
endurances between 1 and 100,000 min. and powasede 10 and 100,000 W. The
results are shown in Figure 4. A few points oérest are labeled in Figure 4.

Point 1 shows a condition of low power (10W) andtirhour endurance (~1000
min). At this condition, the direct methanol fu=ll shows specific energy between
1000-2000 Wh/kg. This condition corresponds veeyl v the low-power, high energy,
small scale applications that are of present istete the direct methanol fuel cell
community. These applications include hand-he&ttebnics, small APUs and laptop
computers [31,32].

Point 2 shows a point of small scale (100W) andjdlendurance (>10,000 min)
that is relevant to the small-scale UAV applicatioA comparison across technologies
shows that at this scale the IC powerplant hasvasfeecific energy of ~330 Wh/kg. This
compares the specific energy of the hydrogen faklpowerplant of ~1800 Wh/kg. The
specific energies of the liquid fueled fuel cellwmolants are higher still. This
comparison suggests that for small scale UAV appbas, the fuel cell powerplants
exhibit higher specific energy than the IC powenpda For comparison, the specific
energy of commercially available lithium polymertteaies at this scale is 149 Wh/kg
[33].

Point 3 shows the specific energy of the IC engihéong endurance and larger
power. Under the conditions of point 2, the engafigciency is low due to the small
scale of the engine. Under the conditions of pd@nthe efficiency of the internal
combustion engine is nearly 31% based on the LH\Qadoline. Accordingly, the

specific energy of the IC engine has increasedetarln 3700 Wh/kg. As the power
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demands of the powerplant increase, the IC engneshow higher specific energy than
the gaseous hydrogen and direct methanol PEM pdavesp

Finally, point 4 shows that at conditions of higbwer and long endurance, the
liquid hydrogen PEM fuel cell can outperform théet available technologies. This is
the application space that is of interest to desigf very long endurance high altitude
UAVs [34].

In summary, fuel cell-powered aircraft show the gmtial to outperform
conventionally-powered aircraft for a variety ofssions and applications. At small
scales and long endurance, compressed hydrogenfB&NMell powerplants can show
significant improvements in specific energy relatito IC engine powerplants. At
medium scales, SOFC and IC engine powerlants daenithee compressed hydrogen
systems. At larger scales and endurances, IC engiwverplants dominate over all
advanced technology powerplants, with the excepifdiquid hydrogen fuel cells.

This analysis provides justification for the inugation of fuel cell powerplants
for aircraft as there exists a number of applicetigpaces where fuel cell powerplants

can outperform more conventional powerplant teabgiek.
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2.2 Design Considerations for Fuel Cell Aviation Powerfants

Modern aircraft require integrated design procesgkgh can allow tradeoffs
between the design characteristics of aircraft ytbsns [35]. Powerplants for fuel cell
aircraft must incorporate compromises between thgigd challenges associated with
aviation operating conditions, the characterisbéghe environment and the fuel cell
systems themselves.

Reactant storage is one of the primary design ehgdls for fuel cell aircraft of all
types, but especially for those that consume hyettogWhereas hydrocarbon fuels can
be stored in liquid form in irregular containersstdbuted throughout the airframe,
gaseous or liquid hydrogen must generally be staredcentralized spherical or
cylindrical vessels. This necessitates an incrgasércraft frontal area, and an increase
in wing structure, which both increase aircraft powonsumption. Although all fuel cell
aircraft that have incorporated chemical hydrogenage media have used a centralized
hydrogen storage unit, this is not necessarilyrannsic feature of chemical hydrogen
storage. The development of high specific energirdgen storage systems such as low
pressure composite cylinders and chemical hydragerage systems will improve the
performance of fuel-cell powered aircraft [25].

Aircraft must be able to operate efficiently athigltitude to improve the high-
speed airframe efficiency and fly above atmosphdisturbances. The oxygen source
for most fuel cell powered aircraft conceived tdedhas been the atmosphere so as to
avoid carrying the weight and bulk of stored oxygé a cruising altitude of 10 km, the
atmospheric pressure is only 0.26 atm and the oxygetial pressure is 0.05 atm. For

air-breathing fuel cells, this decrease in ambi@ntgen partial pressure can cause the
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fuel cell activation and mass transport overpo&stio increase [36]. A majority of fuel
cell aircraft designs have incorporated comprestorsaintain the cathode pressure at a
fixed absolute pressure, but this solution hasscostterms of efficiency, weight and
power output [37,38]. For example, for a fuel calicraft that operates at a 10 kW
cruise, 0.7 V per cell, 10 km altitude with a catbostoichiometry of 2.0, an 80%
efficient compressor will consume 3.1 kW of powerrhaintain a constant 2 bar of
cathode pressure. As the altitude increases, dhemprequired to maintain the required
cathode pressure will increase. This problem mighbvercome by designing aviation
specific fuel cells with compressor-expander moslulacreased catalyst loadings, or
higher active area.

The water and thermal management of the fuel gstes is also complicated by
the aircraft altitude. Ambient humidity and tenmgitere are very low at altitude. At 10
km altitude the standard atmospheric temperatw®0€ and humidity is on the order of
0.2 g (kg dry air} [39], approximately 30 times less water contemintisummer desert
air (42C, 10% relative humidity). To improve therformance of fuel cells in aviation
applications, aviation-specific water and thermahnagement strategies must be
incorporated into fuel cell powerplant design. 3éecould include radiative heat
rejection.

In automotive or portable fuel cell powerplantsphglization of the powerplant
with a battery or super-capacitor bank can impritneeefficiency and performance of the
system. These improvements are caused by isoldmigpw power, high energy fuel cell
system from high power, low energy transients [4@]a majority of aircraft applications

the majority of power transients are high powegh energyinput air heating, exhaust
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water recirculation or transients such as takdafiding and acceleration. Because of
this mismatch, only a few researchers have corsider constructed hybrid electric fuel
cell aircraft powerplants, and in all the hybricelficell aircraft constructed to date, the
battery is indeed primarily used for high powerewa#t [41]. A highly generalized
comparison of automotive and aviation fuel celltegss and conditions of use is shown
in Figure 5. Note the difference in the charasters of the propulsive power
requirements. The further study of the conditiohsise of UAVs will define the role

that hybridization can play in improving powerplafticiency.

7
T
8('\ Hydrogen Tank ) | Fuel Cell Stdch

1

+
=)
3

+
s
=3
s

Normalized Propulsive Power
(P /Pmax)
<
Normalized Propulsive Power
(P / Pmax)
Q

)
<

-100%

Time Time

Figure 5. Generalized comparison of fuel cell systes and propulsive power

requirements for (a) automotive and (b) aviation aplications

2.3 Auviation Applications of Fuel Cell Powerplants

2.3.1. Small Scale UAVs

One of the primary drawbacks of conventional tuebiand reciprocating
combustion engines is that their efficiency canhet preserved at very small scales
because of issues such as combustion quenchirgshiface area to volume ratios, and
low reactant residence times [22]. As highly madwirect energy conversion devices,

fuel cell powerplants have no such limitations ahdy are able to maintain high
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thermodynamic efficiency and therefore high specénergy even at the sub-kilowatt
scales. This scale of powerplant is of interegsh®aviation community for applications
such as long-endurance small- and micro-scale UAVS.

A comparison of potential small-scale UAV powerptafrom the literature is

shown in Table 1. Table 1 assumes that the aidrarass f,,. ) is 5.1 kg, the electric

irframe

motor mass (where appropriate) is 283 g, electratomefficiency is 71%, propeller
efficiency is 69% and each powerplant can prodd&s&@ Mh of propulsive energy at 70
W. Range and endurance for the internal combugtoverplant are calculated using the

Breguet Range Equation:

W (1)

Based on this comparison, the fuel cell powerplaatge the ability to outperform
other electrochemical storage media as well as aional internal combustion

powerplants at this scale.

Table 1. First order powerplant comparison for smal scale aircraft

E E

Powerplant = — Calculated Calculated
Powerplant Type Specification m my2 Range Endurance
Compressed Hydrogen i i 312
PEM Fuel Cell 1000 DC Wh kg [13] 186.4 Wh kg  64.4 Wh k&’ 1642 km 44.0 hr
Propane Fueled Solid . _ 32
Oxide Fuel Gl 660 DC Wh kgt[7]  157.2 Wh kg 49.9 Wh k¢ 1384 km 34.1 hr
Zinc Air Battery 350 DCWh k§[42] 108.0 Whkg 28.4Whkg? 951 km 19.4 hr
Lithium Polymer Battery 166 DC Wh Kg31]  62.9Wh kgt 12.6 Whkg? 554 km 8.6 hr
Small Internal 0.3 kg hi* @105W ) a
Combustion Engine (43] 1255Wh kg 35.6 Wh k& 1509 km 38.6 hr

Because of these performance advantages, fuelhaltsfound their first aviation
applications as powerplants for small-scale UAVE 2003, AeroVironment Inc., a

vehicle design and manufacturing company in Morap@alifornia, built and flew the
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first fuel cell powered aircraft [44]. Its monopolfuel cell system consumed hydrogen
from a sodium borohydride reaction vessel. Betwese first flights and the present, a
number of researchers and commercial entities daveloped fuel cell powered UAVs
with increasing size and scale, as shown in FigQureTo date, most small-scale UAV
powerplant systems have been designed with PEM deklsystems, which are self-
humidified or passively humidified, unhybridizedpdawith compressed or chemical
hydride hydrogen storage. Demonstration of an SORY fueled by propane has also
been accomplished by Adaptive Materials Inc [f.all of these demonstrations, the fuel
cell powerplants were designed for high specifiergg, so as to maximize endurance
and range, and for high specific power, so as fowalfor easy handling and
controllability. It is anticipated that small-seaUAVs with endurances of >24 hrs and
ranges of >2000 km will be developed in the nedurki These aircraft will have
significant value as low-altitude, low-cost, autoraus reconnaissance and remote

sensing platforms for both commercial and militapplications.
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Figure 6. Scale comparison of small-scale fuel cgdowered UAVs constructed to

date

Table 2. Chronological list of published unmanneddel cell powered UAV

demonstrations

Fuel
Organization (date) [Ref] Cell ~ Teactant Storage Endurance
Type ype (est.)
AeroVironment (2003) [44] pem e Sodium 0.2 hr
Borohydride
AeroVironment (2005) [45] PEM FCryogenic 24 hr
FH Wiesbaden (2005) [46] PEM ,KBaseous 90 s
Naval Research Lab (2006) [47] PEM » Baseous 3.3 hr
Adaptive Materials Inc. (2006) [7] SOFC Propane r4h
Georgia Inst. of Tech. (2006) [11] PEM 2 Baseous 0.75 hr
CSU Los Angeles (2006) [48] PEM 2KBaseous 0.25 hr
DLR/HyFish (2006)[49] PEM K Gaseous 0.25 hr
CSULA/OSU (2007) [41] PEM FiGaseous 12 hr
H,. Sodium
KAIST (2007)[50] PEM Borohydride 5 hr
. H,. Sodium
AeroVironment (2007) [51] PEM Borohydride 9 hr
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2.3.2. Commercial Jet APU

NASA and various aerospace companies have performsdarch on the
development of a solid-oxide based fuel cell aarylipower unit (APU) for passenger
aircraft [52]. Aircraft APUs are gas turbine geaters that generate electric power
during ground operations to power aircraft eleefritbads such as lighting, cabin
environmental conditioning and main engine start@onventional APUs are fueled by
the onboard jet fuel. The systems that are praptseeplace these APUs consist of a
hybrid solid-oxide fuel cell and gas turbine systaith onboard jet fuel reformation.
Whereas a conventional APU achieves approximatg® &lectrical energy generation
efficiency, the hybrid solid-oxide fuel cell systeshould achieve between 41% and 60%
efficiency. In addition to these fuel savings, s@id-oxide fuel cell APU would offer
lower nitric oxide emissions, longer service inwsy and power conversion at cruise.
Disadvantages might include higher upfront costbafonger startup time.

Fuel cell APUs will also be an enabling technolégythe More Electric Airplane
Architecture. The More Electric Airplane Architaog is an aviation industry-wide
development concept wherein the hydraulic and prgignsystems of conventional
aircraft are replaced with electrical servo-actdagstems of higher reliability and lower
cost. The More Electric Airplane Architecture wdunable functions that would be
powered by the APU including motor-powered groumdi,t electrically redundant

controls, and high bandwidth control surface optattion [53].

2.3.3. Solar Regenerative Aircraft

Regenerative PEM fuel cell systems have been pempass an enabling

technology for a new class of aircraft with unliedt endurance. Using electricity
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generated from solar cells and composite presswssels to store reactants, a
rechargeable, high efficiency, high specific energycraft powerplant can be
constructed. This powerplant could be a compoireain airship or gossamer aircratft.
To compare rechargeable systems for a long enderrapplication, we can again
compare their energy density. For rechargeableesgsthough, the energy of interest
must be the electrical charging energy, so thatfidngre includes both charging and
discharging efficiencies. Advanced batteries caach electrical discharging specific
energies of 200 Wh kbat the module level [54] and have charge effidenof nearly
100% at low current [55]. A rechargeable fuel /eddictrolyzer energy storage system
with compressed reactant storage can have a dgobaspecific electrical energy of
>800 Wh kg, and a charging efficiency of 80% [25,56,57]. sTtesults in a round trip,
specific electrical energy of >640 Wh kg So, in comparison to advanced battery
technologies, compressed hydrogen regenerative dak$ can exhibit significantly
higher specific energy.

A majority of research on regenerative fuel ceiteyns for very long endurance
aircraft has concentrated on conceptual aircraft powerplant system design. The
NASA ERAST project and its Pathfinder test aircia notable exceptions. A planned
fuel cell powered flight by the Pathfinder aircrafas halted only by the catastrophic
failure of the aircraft in 2003 [44,58]. The NAS&enn Research Center has developed
and tested a laboratory version of a regeneratieé dell for aviation applications [59].
No functional regenerative fuel cell powerplantssdndbeen demonstrated in aviation

applications to date.
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2.3.4. General Aviation

General aviation is a subset of aviation consistihghartered passenger aircratft,
private aircraft, and other components of civiladMn that are not regularly scheduled
airline flights. The purpose of developing fuell gower general aviation powerplants is
to demonstrate fuel cell technology in a mannediegipon, and to mitigate the noise and
air pollution of general aviation. This would alldor 24 hour operations from urban
airports with noise and/or pollution abatement tagons.

A number of groups have proposed these projects camapleted feasibility
studies, battery powered test flights and laboyatests [60-63]. These projects have
generally utilized fuel cell systems and componewdsrived from automotive
applications. The first manned fuel cell poweredraft was developed by Boeing from
a converted glider airframe. This aircraft usesuatom fuel cell stack and a hybrid
electric powertrain. The fuel cell is sized tonparily provide the power required for

cruise. A ~20 minute flight demonstration was perfed in 2008 [64].

2.3.5. Long Term Applications

In the longer term, many envision fuel cells asienpry powerplant for advanced
aviation concepts. These might include SOFC-poavkgeiid hydrogen aircraft with ~20
days endurance [34], distributed onboard accesgmwer generation, and multi-
functional fuel cells that generate power and magethe skin of the aircraft. Some
researchers have proposed fuel cell powerplants lémge-scale passenger and
commercial aviation applications . Because comraksaircraft are very high power,

high energy applications, it is estimated thatel/fropulsion system specific power of 2
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kW kg' would be required, many times the performance ofrently available

technology [18,61,62].

2.3.6. Applications Literature Review Conclusions

It is anticipated that fuel cell powerplants forahscale UAVs will be the first
commercially available fuel cell aviation applicati These powerplants will replace
advanced batteries to allow for long-endurance kEmdj-range missions. Fuel cell
powerplants may have a larger effect on the emtiation industry in the far future as

the development of fuel cells and hydrogen storagdia advance.

2.4  Design and Implementation Challenges for Fuel CeRircraft
Based on the results of the studies of fuel cetirait performed to date, the
primary challenges for modeling, design and impletatton of fuel cell systems in
aircraft are:
integrated fuel cell systems modeling,
definition of design methodologies and design resraents and
energy management and system supervisory control.

The following sections review the literature foese topics.

2.4.1. Fuel Cell Systems Modeling

This section reviews the literature associated Witi cell system modeling and
design. Fuel cell systems are divided into twonairy subsystems: the fuel cell stack and
the fuel cell balance of plant. Each fuel celcktés made up of a number of fuel cells.
The fuel cell balance of plant is made up of theeotomponents of the fuel cell system

including water and thermal management, hydrogerage and management, controls,
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power distribution and more. This dissertatiorpignarily concerned with the design
and modeling of fuel cell systems at the systermslle This section of the literature
review will concentrate on the literature assodatdth fuel cell system modeling where
the fuel cell stack and balance of plant are @luded in the performance model. Lower
level fuel cell modeling that attempts to charaetethe fuel cell performance at the cell
or sub-cell level is not included in this review.

Models for fuel cell systems have been proposes\ariety of levels of fidelity
and purposes. For the purposes of fuel cell systdesign, fuel cell system models
would ideally be able to deterministically descriliee steady state performance,
dynamics, subsystem energy flows, geometry, casinzass of the system parametrically
and with computational efficiency. No such modeists to date that achieves all of
these goals although many attempts have been noadevelop models that describe
more than one of these characteristics.

Many researchers have proposed mathematical systmequations that
characterize the steady-state performance of flelsgstems using a static polarization
curve [65-68]. These models use experimentallyheoretically derived parameters to
describe the polarization performance of the fiedll €ystem at well characterized steady-
state conditions. Although static polarizationv@a#based models are useful for
describing the performance of the fuel cell systdmy are not useful for design of fuel
cell systems because they are system-level moddishay are not parameterized. The
subsystem performance can not be specified or ateluon the basis of the system
polarization curve and the performance parameteas are used to fit the system

experimental data are specific to the experimesttalk.
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Dynamic models of fuel cell systems often do matiel fuel cell systems at a
subsystem level using the framework of dynamic esystmodeling. Models for
describing the dynamics of fuel cell systems hawduded modeling of the thermal
dynamics [69-71], air management system dynami2s/g], water transport dynamics
[77,78], and control system dynamics [72,79]. Ehe®dels are unsuitable for fuel cell
system design as they are not parameterized ang dahe computationally very
expensive.

Fuel cell system models that have been developeddnceptual design and
optimization must be parameterized and more contiputly efficient than the more
common descriptive models described above. Adakimodel scalable by the fuel cell
active area has been used to optimize fuel cellesysost [80]. Fuel cell models
scalable by the number of cells have been propasddpplied to automotive systems to
determine an optimal degree of hybridization [8IRarametric PEM fuel cell models
have been developed for multi-objective optimizatad system performance versus cost
[82-84]. These fuel cell system models are nagrdted into specific applications, and
as such they are optimized for fuel cell systemigitesequirements rather than
application-specific design requirements. The prynexample of a fuel cell system
design tool that is application integrated is AngenNational Laboratory’s GCTool.
GCTool is a dynamic and scalable fuel cell modeldatomotive applications, but the
model is of high complexity and is focused on augtive technologies and applications
[85]. A similar tool is under development at thaitersity of California — Davis [86].
Neither of these tools is suitable for multidiscigky optimization or computational

design. There are no simulations of fuel cell gkds that allow for physics-based,
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scalable, parametric design of the fuel cell sysgsemable for multidisciplinary design
[40].

In the field of fuel cell systems modeling theraséx a considerable knowledge
gap because of the lack of fuel cell sub-systemeisodppropriate for construction of
multidisciplinary, optimizeable fuel cell models. This is complicated in many
applications (including automotive) because, inegah the modeling of fuel cell systems
is complex and computationally demanding. Manyhe aspects of fuel cell system
design are proprietary and are not published imdperature. The small scale of the
powerplants considered for the fuel cell poweredVUdpplication may be particularly
amenable to sub-system component modeling and rdesigler multidisciplinary
optimization. In order for these fuel cell mod&de a component of a multidisciplinary
design process, parametric models of the fuelsyatem must be developed, validated

and they must be shown to be of value in a realeha@sign process.

2.4.2. Fuel Cell Aircraft Design Methodology

Aircraft are historically designed using a requiests-driven design process: the
required performance of the aircraft is known aathponents are assembled to meet the
performance goals [87]. Design of fuel cell aifttg to the present has been performed
by using aircraft performance requirements to deitee the theoretical performance
requirements of a fuel cell system. The primaryanseof scaling the performance of fuel
cell systems that has been proposed for fuel aeltadt design is scaling based on fuel
cell output power [18,88-94]. This method ignoties interactions among the fuel cell
subsystem components and does not provide infosmatbout the fuel cell system

proposed to the design and implementation tasks.
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NASA performed a number of early studies on thsifekty of fuel cell powered
aircraft [90,92,93]. For the fuel cell poweredcaaft designed in these studies, the state
of technology is not developed enough to be ablgegign or construct aircraft that can
accomplish the desired missions and payloads. THads to fuel cell performance
requirements that are not technologically availab@ther researchers have performed
studies on fuel cell powered aircraft and concludeat the efficiency of fuel cells
required for their mission of interest is >90% [95]his efficiency requirement is greater
than the ideal reversible efficiency of a fuel agberating on pure hydrogen and oxygen
at STP (rc=0G/ DH=237/286=83%), making this result theoreticallyedible [36].

To avoid the specification of unavailable or infbés fuel cell system designs,
fuel cell systems must be modeled at a subsysteei lesing physics-based modeling
techniques. NASA has applied a scalable highifigledolid oxide fuel cell (SOFC)
model to design of aircraft fuel cell powerplandg], but the analysis was only weakly
coupled to the aircraft application.

Fuel cell systems are generally highly modularesyst that can be designed for a
wide range of performance goals including efficenpower density (W/L), energy
density (Wh/L), specific power (Wh/kg), specificezgy (Wh/kg) and/or lifetime. What
combination of these metrics should characterizt ¢ell powerplant design for aircraft
is under dispute. Some studies have suggestedah&ing endurance missions, the
specific energy of the powerplant should be max@dif34]. Results associated with this
dissertation and research effort suggest that goommise between specific power and
energy must be maintained to meet aircraft perfogaaconstraints [13]. For aviation

applications, modeling of fuel cell systems for gyeconsumption prediction generally
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assumes that ambient pressure changes, ambieneraome changes, and balance of
plant heat transfer are negligible [18,88]. Onfiew studies have investigated the effect
of altitude on fuel cell system operation [37,38].

In summary, the design studies of fuel cell aiftctafdate have been performed
with the goals of understanding technological fleitisy, technology sensitivity, or global
sizing and synthesis. No design studies in tleeditire have made development of fuel

cell aircraft their goal.

2.4.3. Energy Management and Supervisory Control

Simulations of the energy consumption of fuel gawered aircraft generally
assume steady flight conditions and no active gnsygtem management [13,34]. This
despite that during flight of a hybrid fuel celr@gaft, there are 3 means of reversible
energy storage available (potential, kinetic, etechemical). Fuel cell hybrid aircraft
simulations to date have assumed a default energgagement strategy without
consideration of its effect on system optimizationl aircraft performance [94].

Studies of other types of aircraft powerplants hstvewn that there exist optimal
energy management trajectories that can increasgefreendurance or decrease fuel
consumption [96-99]. These studies generally aterested in periodic efficiency
optimal flight profiles where the aircraft perfornas climb-glide-climb flight pattern.
These flight patterns exist because the point adkppropulsive efficiency of the
powerplant is not achieved at the point of peaghtliefficiency of the airframe. By
climbing at peak propulsive efficiency and glidingar peak endurance efficiency, the

resulting endurance of the aircraft can be incréas€his behavior is characteristic of
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almost all internal combustion and gas turbine pplaats for aircraft. No research has
performed similar analyses for fuel cell powereadraift.

Studies in hybrid electric ground vehicles havewahdhat there are significant
fuel economy gains to be realized through optinm&irgy management [40,81,100,101].
For conventional internal combustion powerplantsese studies can derive energy
management strategies for the hybrid powerplaritubas the energy storage capability
of the batteries to improve the overall efficiermythe powertrain. These studies also
take advantage of the regenerative braking alilititybrid automobiles to improve the
drive cycle efficiency of the study vehicle. Foioinid fuel cell automobiles, studies have
shown that the primary use of the hybrid energyegfe system is to 1) recapture braking
energy through regenerative braking and to 2) ieothe fuel cell powerplant from
vehicle transients that can degrade the fuel cellraduce fuel cell efficiency. Neither of
these conditions exists in the fuel cell power@ahtat have been considered for fuel cell
UAVsS. Regenerative braking through propeller wmdling is dismissed in the
literature as inefficient [18], and the conditiooEuse of an aircraft are such that the
aircraft transients are much slower than thoséefitomotive application.

Based on these observations, there exists a coabBldegap in the understanding
of the broader design space around hybridizeddelépowered aircraft. No research has
defined the contribution of hybridization to fuetlicpowered aircraft. Similarly, no

research has considered flight path optimizatieridel cell powered aircraft.
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CHAPTER 3
RESEARCH QUESTIONS AND

DEFINITION OF RESEARCH SCOPE

3.1 Primary Research Question

Based on the research challenges outlined in teeiqurs chapter, a primary

research question can be posed:

Primary Research Question: Can fuel cell and airdtaystem models be developed and
integrated to facilitate global and sub-system pmarhance analysis, design and

optimization for near-term-realizeable fuel cell p@red aircraft?

To answer this question, this research effort w#ktablish the methods and
framework for physical and empirical parametric mloty of fuel cell aircraft
components at a level appropriate for conceptudlmeliminary design. These models
will be validated individually, as a system and aagomponent in an aircraft design
process. The validated system design and optimizanvironment will be used to
derive design sensitivities, to test sub-systeniopmance criteria, and to derive high-
performance aircraft configurations. Energy manage strategies for fuel cell and

hybrid electric fuel cell powered aircraft will loerived and tested.

The primary research question can be further brakem into research questions

of smaller scope. The work required to answer easkarch question is broken down
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into Tasks. Each Task provides outputs which doumte to answering the primary

research question and to accomplishing subsequaskisT

3.2  Research Question 1 — Fuel Cell Systems Modeling@ialidation

The fuel cell engineering community would like te Bble to use the tools of
modern design to design complex fuel cell systerosmfmodels of their subsystem
performance and models of the interactions betweersubsystems. This first research
guestion asks whether fuel cell systems are amentblsubsystem modeling, and

whether the design results can be validated.

Research Question:1Can the geometry, performance and mass of fuekgstems be
represented parametrically within an integratedlidated, optimizeable powerplant and

propulsion system model?

There are a number of challenges that are assdaatle answering this research
question. As noted in the literature review, thexeist only a few fuel cell
multidisciplinary optimization models. It is unelewhether components of the fuel cell
system should be modeled empirically, physicallypoth. The interactions between the
components of the fuel cell system are complex,tirdoimain and time dependent.
Validation data within the fuel cell system litareg is primarily based on automotive-
scale fuel cell systems instead of <l1kW systemsodéiing of small-scale fuel cell

system components is dominated by nonlinear anddeal behavior.

It is hypothesized that the way to develop scal&leécell models is to model the
fuel cell system at the sub-system component lev€bmbining the models of the

components into a multidisciplinary modeling andide environment will allow for the
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uncertainty associated with the subsystem modele tonderstood and managed during

design and validation.

Hypothesis 1 The development of sub-system level fuel cellegaant models will
allow for validated, scalable, optimizeable perfamoe simulation for fuel cell

system conceptual design.

There are two tasks that are associated with gim¢eof this hypothesis.

Task 1.1 Develop models of fuel cell sub-systems that camnbegrated into a

scalable and parameterized fuel cell system model.

Models are needed to describe fuel cell systerassab-system level so as
to allow scalability of system performance, parameation of component
specifications and physics-based modeling of perémrce and component
interactions. These models will be constructectam experimental testing of a

constructed fuel cell stack, and based on datdreatsthe literature.

Task 1.2 Validate the developed subsystem models for sutesyperformance
prediction, system performance prediction, andtytwithin the fuel cell aircraft

design process.

This task will investigate the validation of theeficell system modeling at
three levels. First the models will be validatedividually from experimental
data. Second, this task will involve qualitativaigation of the behavior of the
models when assembled into a fuel cell systemallyithe utility of the models
as a design tool will be established by validatimg applicability of the modeling

to the conceptual stage of a fuel cell aircrafigieprocess.
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Upon completion of these tasks, the hypothesizdidityaand scalability of the
model will be supported if the subsystem modelstigped for one fuel cell system can
be used to predict the performance of another ¢aklsystem. If the fuel cell system
design model can be used within a design procestestgn and develop a fuel cell
powerplant that meets design requirements, theropienizeability and design process

utility of the model will be supported.

3.3 Research Question 2 — Fuel Cell Aircraft Integratedesign Studies

With design models there exists a fundamental ttidetween the fidelity of the
design model and its usability in a computationesign process. If the model is too
refined, then the computational cost becomes teatdor use in early stages of design.
If the model is computationally efficient, but canipredict the relevant design tradeoffs,
then the model is of no value to designing amoragehtradeoffs. The design model
must be of the correct scale in order to captulevamt design characteristics, but must
not be bloated with unimportant contributing anal/s This research question asks
whether fuel cell aircraft must be designed witmalti-level design tool (that includes
subsystem and system and application modaelsyhether more simplification of design

requirements can maintain acceptable design peafocen

Research Question:2s the extra complexity and cost of a multileglekign tool (that
includes subsystem-level, system-level and apjaicétvel models) justifiable for
optimization and design of fuel cell powered aift?a What are the costs to the design
performance of replacing either the application rabdr subsystem models with the

surrogate design rules that have been proposettiarature?
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This research question is a common question forehteosl of complex systems.
What are the borders of the problem and where dagsides of increasing model scale
overtake the downsides? The development of sutsystodels for fuel cells and their
integration into the aircraft design process haseased the complexity and scope of the
fuel cell aircraft design process. This increasecomplexity has monetary and

computational costs and should be justified.

The tasks associated with this research questiempt to trim the model from
the two directions to quantify the benefit of thewnmodels. Task 2.1 compares the
performance of the fully integrated multi-level Feell aircraft design tool to a design
tool where the fuel cell subsystem models and apéms have been replaced by
conventional fuel cell system design rules. Task @mpares the performance of the
fully integrated multi-level fuel cell aircraft dgs tool to a design tool where the aircraft
models and aircraft level-design criteria have beslaced by approximations. These
tasks are compared visually in Figure 7 and FidgureBoth hypotheses state that the

integrated design tool will outperform these sirfigditions.

Hypothesis 2.1Disintegration of the powerplant design rulesoalls for empirical,
unbiased optimization of the system design thatwshamprovement over

conventional powerplant design rules

In order to allow the optimization schemes to deglte fuel cell powerplant
system to meet the requirements of the aircraftieggon the design rules and design
constraints for the powerplant component interastionust be minimized. As
described in the literature review, in previouslfaell system design studies the

powerplant component sizing relations are deterchiftem design rules. For
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instance, in many studies, the fuel cell air manag® system is sized causally by the
number of fuel cells and their maximum current otitpBy removing these types of
constraints and allowing the fuel cell system congmis to be specified by the
optimization routine, unexpected configurationstthee application optimized can

result.

Task 2.1 Apply complex system optimization techniques tawethe high-level
system specifications and design criteria for fuedl powerplants in the fuel cell

aircraft application.

The first task then is to remove the conventioredigh constraints from
the fuel cell powerplant system contributing analyend allow the designer and
optimizer to “discover’” unexpected application-gfiecconfigurations. These
new design configurations should then be compavethé conventional design

configurations to see what tradeoffs are being miagiehe fuel cell system

optimizer.
Simplified Design Process Multilevel Design Process
Task 2.1
Application Model Compare Aircraft Application Model
(UAV) Performance and Fuel (UAV)
Cell System

Fuel Cell Powerplant Configurations Fuel Cell Powerplant
Model < > Model

Naive Fuel Cell i Fuel Cell Subsystem
Subsystem Mode Model

Figure 7. Visual representation of design methodsoenparison associated with

Hypothesis 2.1
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Simplified Design Process Multilevel Design Process

............................................... Task 2.2
i Naive Application i  Compare Aircraft Application Model
i Model EMpower, PMpouier’) i Performance and Fuel (UAV)
A 3 Ce” System
Fuel Cell Powerplant Configurations Fuel Cell Powerplant
Model < > Model
Fuel Cell Subsystem Fuel Cell Subsystem
Model Model

Figure 8. Visual representation of design methodsoenparison associated with

Hypothesis 2.2

Hypothesis 2.2 Fuel cell systems designed using an applicatidegrated design
process can improve the performance of the air@gdtem relative to the state of the
art surrogate design metrics

To date, the designers and developers of fuel maierplants have been
primarily responsive to the needs of the automodindg stationary power generation
applications. The primary fuel cell system destigiteria for these applications are:
powerplant power density (W1, powerplant energy density (W hrs’). lifetime

(hrs or start-stop cycles) and powerplant systest (BW-).

For aviation some primary aircraft-level performanuoetrics might include
range, endurance, cargo capacity, maximum speedaa@df climb. To maximize
these aircraft performance metrics, fuel cell pghgerts will have to be designed and
built to meet aviation-specific design criteria. hi§ may involve significant
departures from the conventional automotive orisgtaty fuel cell design. One
primary design metric that has been suggestedur dell aviation powerplants is

specific energyE mmwer'l, the ratio of the energy stored in the aircE&affW hrs) to
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the sum of the fuel and powerplant masgswer (kg). Another primary design metric
of interest for fuel cell aviation powerplants esific power,P m,ower'l, the ratio of

the power output from the powerplant to the suntheffuel and powerplant weight.
In steady flight, the aircraft cargo weight, maxmspeed and rate of climb are

proportional toP Myower

Task 2.2 Compare system optimization results for fuel cetplane system

design between sub-system optimized designs amensysptimized designs

The second task then is to compare the performahearcraft that are
designed towards design criteria that are formdlatethe aircraft level (Range,
Endurance, Climb Rate) to the performance of dirdreat are design towards

design criteria formulated at the powerplant l€&hpower - P Mpower ).

Upon completion of these tasks, the hypothesesbeatested by comparing the
performance of the simplified models to the fulhtegrated multilevel aircraft design

models. Each task is directly a test of each Hygxis.

3.4 Research Question 3 — Energy Management Studies fBuel Cell Hybrid
Aircraft

As stated in the literature review of design foelfaell powered aircraft, all of the
fuel cell aircraft design methods that have be@p@sed to date are static designs. No
dynamics of energy management or flight dynamicsehlbeen considered in the
literature of fuel cell powerplants for aircraffhis despite the fact that a number of the
demonstrated fuel cell powered aircraft are hykadiand that flight path optimization

has been used to design and build long enduramseentionally powered UAVS.
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This research question seeks to understand whatbtbad applications of

hybridization and flight path optimization might foe fuel cell powered aircratft.

Research Question:3Vhat are the conditions where optimal fight pathnagement and
hybridization can improve the design performancéuef cell powered aircraft? Does
the aircraft simulation structure as proposed ematile prediction of maximum aircraft

endurance?

There are two primary goals of this research gaestiFirst, we would like to
understand, in general, whether there is an apicdor fuel cell powered hybrid
aircraft. It could be that the hybrid aircraft thexist in practice use battery power as a
design “band-aid” to cover up inadequacies in tne tell system design. Second, we
would like to understand whether the static desmgithods developed in over the course
of this research effort are adequate to describerthiximum endurance of the aircraft. If
not, the scope of the research effort will havesxpand to include the hybridization and

flight path management of the fuel cell poweredrait.

Hypothesis 3Dynamic energy management of a fuel cell poweaiedtaft will not

improve the performance of fuel cell powered aifcra

Task 3.1 Characterize the conditions of use of a small aftcincluding

turbulence, wind variability, thermals etc. Syrgize meta-models of the fuel cell
aircraft energy storage systems and perform namlipeogramming analyses to
determine strategies for optimal energy managemenbpose conditions of use

(flight regimes, battery states of charge, flighdfpes, battery power to fuel cell
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power ratios, etc.) where fuel cell powered hybadcraft can provide

performance benefits compared to conventionaldaklpowered aircratft.

Task 3.2 Synthesize meta-models of the fuel cell aircraftrgy storage systems
and perform nonlinear programming analyses to deter strategies for periodic
optimal flight. Compare the optimal flight pathtfael cell powered aircraft to
those of conventional fuel cell powered aircraftl amernal combustion powered

aircraft.

Completion of these tasks will provide direct testshe hypothesis. If there are
no regimes of foreseeable flight where the fuel kegbrid powerplant can outperform a
non-hybrid fuel cell powerplant, then the hypotkes supported. If there are no
conditions where periodic flight paths enable menelurance than conventional flight
paths, then the hypothesis is supported. If thgothesis is not supported, then the
present non-dynamic structure of the long-endurddd® design algorithm must be

abandoned.

3.5 Research Questions Summary and Development Tasks

Completion of the research tasks will result in thevelopment of a new
methodology for the design of fuel cell powerplafds unmanned aerial vehicles. The
fundamental models will have been constructed atftiel cell subsystem level. This
allows the model to guide the design, developmadt@nstruction of fuel cell systems
at a level of detail that has not been attemptedrée The model will have been
validated at the component level, at the systeralJeand as a component of a fuel cell

aircraft design process. The design model wilubed to construct a series of fuel cell
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powered aircraft and powerplants for technology desiration, validation and testing.
The complexity and scope of the modeling effort wéd defended through comparison to
other fuel cell aircraft design methods that existthe literature. The design space
around fuel cell hybrid aircraft will have been &ged and integrated into the design

model.

A summary of the research questions, associatéd tasl research challenges is
shown in Figure 9. The research challenges thataasociated with each research
guestion often require the gathering of new infdramathat does not exist in literature
and requires significant developmental and expartaieeffort to obtain. The details of
these development tasks are shown in Figure 10ch ERevelopment task is not
necessarily associated with a research questianjnbtead provides the information,
experience and baselines required to address fearch challenges for each research

guestion.
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PRIMARY GOAL - Develop and test modeling, designaéysis methods for fuel cell UAV powerplants

Research Question 1 — Can fuel cell systems be repemted parametrically? (Chapter 4)
Hypothesis 1 — By modeling at the subsystem level, wan build and validate FC models.
Task 1.1 - Model Development

1. Prescriptive Modeling Research Challenges
2. Model Integration S
- A * Many FC subsystem models do not exist in literature
3. Design Environment Development 2 S
9 P * Subsystem validation data does not exist in literate
Task 1.2 - Model Validation » Methodology/Examples for FC disciplinary breakdowndoes not
Al istin literature
1. Subsystem Validation existin i L
> Systeym Validation « FC aircraft design process data does not exist iftérature
3. Verify Utility within the Design Process

Research Question 2 — Do we need multilevel system netidg and design? (Chapter 5)
Hypothesis 2.1 & 2.2 — Integrated modeling and designill improve designed performance.

Task 2.1 — Compare to simple subsystem model

1. Define SoA FC subsystem design process Research Challenges
2. Define new FC subsystem design process
3. Compare and discuss results « Design rules for FC systems are not
defined
Task 2.2 — Compare to simple application model *Design sensitivities for FC UAVs are
unknown

1. Derive SoA FCUAV design criteria
2. Define new FC system design process
3. Compare and discuss results

Research Question 3 — Do we need to model aircraft dgmics or energy management
to predict endurance? (Chapter 6)

Hypothesis 3 — Charge depleting hybridization will inprove designed performance.
Task 3.1 — Compare optimal hybridization to conventtnal FCUAV

1. Derive optimal power management strategies Research Challenges
2. Compare and discuss results
3. Integrate results into design process * Flight data for FC UAVs does

Task 3.2 — Compare optimal flight paths of FC to ICEaircraft not exist . o
» Real-world design point is
1. Derive optimal periodic flight for FCUAV unknown

2. Compare and discuss results
3. Integrate results into design process

Figure 9. Summary of research questions and taskssociated with this dissertation
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NEW INFORMATION AND METHODS - Develop design and te6C UAV hardware

FC UAV Development and Testing (Chapter 7)
Goals
Provide modeling information and lessons learned tanodeling and design tasks
Methods
Design and develop FC powered aircraft
Perform flight tests to characterize performance
Results
5th FC Aircraft in history, 1 st University FC Aircraft

FC UAV Powerplant Development and Testing (Chapter 4 and 7)
Goals
Provide validation information to modeling and desgn tasks
Methods
Design, develop, bench test FC powerplants
Analyze academic and product literature for scalingelations
Results
Detail design studies and testing of two FC UAV poevplants

Fuel Cell UAV Hardware in the Loop Development (Chater 8)
Goals

Define architecture and methods for HiL testing of FC powerplants

Provide validation information to modeling and desgn tasks
Methods

Design, develop, FC HiL powerplant hardware and tesequipment

Use output of design studies to guide HiL powerplardevelopment
Results

Developed HiL architecture, validated design studyesults

MDO Enabled Fuel Cell UAV Design Process [115]
Goals

Define methods and case study for design of FC UAV
Methods

Multistaged, robust design process
Results

Validation of utility of FC design models

Documented and validated FC aircraft powerplant degin process

Figure 10. Summary of development tasks associatedth this dissertation
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3.6  Definition of Research Scope

The research effort will be concentrated on neanteealizeable fuel cell
powered aircraft. The most technologically readgl fcell powered aircraft is the small
scale, polymer electrolyte membrane (PEM) fuel pelvered unmanned aerial vehicles.
The methods, case studies and models developedhi®rresearch will reflect the
performance and requirements of this applicatiohhe methods developed for this

research effort are more general and have widdicapgity.

3.7 Definition of Research Plan

The global layout of the research effort is showrkigure 11. The first section
(Chapter 3) of the dissertation deals with the tpment of fuel cell subsystem and
system models. The modeling information from tffort is passed to the remaining
tasks. Chapter 4 uses the models and tools deactiopthe Fuel Cell System Modeling
task to perform design studies for fuel cell powesercraft. The conceptual design
results that are the output of these design stwdiepassed to the next tasks. Chapter 5
presents studies of the energy management of elelaad fuel cell hybrid aircratft.
Experimental fuel cell UAV hardware studies inchuglidemonstration and hardware in
the loop studies of a fuel cell aircraft follow @hapters 6 and 7. There are a number of
ways that the information from these later taskes iacluded in the earlier tasks. The
information from the experimental studies are ufdvalidation of the design models.
The information regarding energy management of &adl hybrid aircraft is used with

the tools from Chapter 4 to design a hybrid fudl pewered UAV in Section 5.5.
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Design sensitivity information from the conceptdakign tasks are used to determine the

fidelity needs for the fuel cell models.

CHAPTER 3
Fuel Cell System Modeling Information
Modeling
A A
CHAPTER 4 —
M onceptual
Model Scope Fuel Cell Alrcr.aft Desien Cases
Integrated Design
Studies
A A
CHAPTER 5
Case Studics Ener.gy Management
Studies for Fuel Cell
Hybrid Aircraft
CHAPTER 6
CHAPTER 7
Validation Information Experjmenta]
FCUAYV Hardware

Figure 11. Information flow within the dissertation research effort
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CHAPTER 4
MODELING OF FUEL CELL POWERPLANTS FOR SYSTEM

DESIGN FOR AVIATION APPPLICATIONS

This study begins at the stage of conceptual dirdesign. Conceptual design
synthesis begins with definitions of the systemitdrest, the modeling and simulation
structure, and the system objectives for evaluaimh optimization.

The goal of conceptual design is to define the sgsiiem interactions,
configuration, layout, dimensions and performandetle integrated airframe and
powerplant system. For this study, we are primainiterested in the synthesis and
comparison of near-term available, small-scale, dttude fuel cell powered UAVs that
are able to accomplish the generic, long-enduramssion profiles. These restrictions of
design scope place requirements and limitationghenmodels used to represent the
performance of the aircraft systems.

For instance, the airframe model is designed toabke to model the static
performance of highly generic UAVs at low Mach nwenbat a scale of between 5 kg
and 50 kg of gross takeoff weight. As such, theebae airframe is a conventional high
wing monoplane, with rear empennage, driven bytarapropeller. To model the
airframe, this study includes parametric model @spntations of the airframe
aerodynamics, structures, mass, stability, geomaetigsion performance, payload, and
propulsion. Details such as airframe dynamicsprogs aerodynamic optimization,

manufacturability, and costs are left for lategs&sof design.
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The powerplant model is designed to be able to mndbe steady-state
performance of a PEM fuel cell powerplant delivgriDC electrical power to a
propulsion electric motor and payload. The PEM figd technology is chosen for this
study because of its high technology readines®ifantlatively high specific power and
robustness in mobile applications. To model theveyplant, this study includes
parametric model representations of the powerptéettrochemical performance, static
control, mass, geometry, and component power copsom Again, low-level

implementation challenges are left for later stagfedesign.

Step 1 - Model Development Step 2 - Model Validation
Tasks Tasks
1) Experimental Testing 1) Subsystem Validation
2) Prescriptive Modeling 2) System Validation
3) Model Integration 3) Validation within the Design
4) Optimizer Development Process

5) Design Environ. Development —

Information Sources Information Sources
1) BCS 500W Fuel Cell System 1) Horizon 300W Fuel Cell System
Hardware Hardware

2) Theoretical Models from Lit.
3) Empirical Models from Lit.

Figure 12. Description of information sources anddsks for the modeling of fuel cell
systems for aircraft

Figure 12 shows the layout of the information searand tasks for the modeling
of fuel cell systems and for this chapter. The at®dleveloped in this chapter are
derived from a variety of information sources irthg experimental data from testing of
developed fuel cell systems, theoretical modelfuef cell performance, and empirical
models from the literature. Two fuel cell systeans used to provide input data to the
model development and validation tasks. These tygtems were constructed by the

author for this project at the GTRI Center for Ilmatbve Fuel Cell and Battery
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Technology. The first system is based on a 500¥¢edfuel cell stack whose MEAs
and bipolar plates are manufactured by BCS FuelsG#l Bryan, TX. The second
system is based on a 300W 62 cell fuel cell staghufactured by Horizon Fuel Cells of
Singapore. In general, the fuel cell models asedan experimental data from the BCS
fuel cell system. Validation of the fuel cell md¢glés based on experimental data from
the Horizon fuel cell system. Breaking up the depment and validation tasks allows

for the validation exercise to provide informati@yarding the scalability of the models.

4.1  Model Development Tasks
This section describes the characteristics of tlathematical and conceptual
contributing analyses (CAs) that are used to desciihe geometry, mass and

performance of the components of the fuel cell pedaircraft.

4.1.1. Experimental Testing of Fuel Cell Hardware

The experimental methods and results for the dpwedmt, testing and evaluation
of the fuel cell powerplants are presented in ofemts of this dissertation including

Chapter 7, Appendix | and Appendix II.

4.1.2. Fuel Cell Contributing Analyses

Fuel cells are a direct electrochemical conversievice that generates electricity
from a reaction with atmospheric oxygen and stongdrogen gas. The fuel cell
powerplant is divided into the fuel cell stack dahd fuel cell balance of plant.

Stack Modeling -The electrochemical, geometric and mass charattsrisf the
fuel cell stack are scaled by the number of fudlsce the fuel cell stack and the

electrochemically active area of each fuel cellheTiuel cell stack electrochemical
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performance is modeled at the cell level using aticstpolarization curve fit from

literature [68].

L T R T R P2

b j- j- ioo 2)
1

f/—'/cln 1'/_C (3)

Vcell :VO - h- |%;elljT (4)

The quantitied, Vo, Reen, In(ko), andjpo are fit in a least squares sense using a

pattern search optimization approach. The effyensf the fuel cell system is defined by

the equation:

VFC
n...E (5)

cells—0

hFC =
Based on the fuel cell characteristics and theiredwutput power, the mols of

hydrogen required to complete the flight can beuwated based on Faraday’s Law:

n..l

— cells

W, =
"z 2 I:/‘)util (6)

This model of fuel cell performance was derived aadfied using the BCS fuel

cell, whose performance is shown in Figure 13.
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Figure 13. Actual versus predicted performance offte fuel cell model using the data
from the BCS fuel cell

The performance of the individual fuel cells used $ubsequent conceptual
design tasks is equivalent to the published stamifopmance of the Gore 58 series
membrane electrode assembly [102]. This membréstrede assembly is chosen as
representative of the state of the art for self-ioifired, low-pressure PEM fuel cells.
The maximum current density achievable from the 6ed#l stack is 1200mA cihcell*

and the maximum specific power is 0.6W trell*, as shown in Figure 14.
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Figure 14. Fuel cell unit cell performance

The stack size and mass scaling factors are basdtieocharacteristics of the
BCS prototype stack with 0.48cm (3/16in) graphitgolar plates, aluminum endplates
and aluminum through-bolts. The weight of the fual stack is the sum of the weight of

the bipolar plates, current collecting endplatesl, tarough bolts.
rnstack = rnBP + mEP + rnBolts (7)

The dimensions of the bipolar plates and endplatedased on the active area of

the fuel cell MEA.

Xep = Yep = Xgp = Yep = 12X Ac
Zzp = 048cm ®)
z., = 096cm
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The bolts are assumed to be made of alumimum atitgheter and a length

(Zsorts) Of

ZBoIts = nceIIsXBP + 2XEP (9)

Balance of Plant Modeling -The fuel cell balance of plant represents the air
delivery, hydrogen delivery and regulation, wateoling and power management and
distribution subsystems of the fuel cell. The #&leal power consumption and mass of
the fuel cell balance of plant are based on theacheristics of the developed 500W BCS
self-humidified, low-pressure fuel cell system. eT¢ompressor power consumption and
mass are scaled at 1.76 W min/L and 37.75 g/L rofemjuired, values representative of
the tested performance of a low pressure (34 kRgphcagm compressor, as shown in
Figure 15. The water pump consumes 0.05 W of D¥Ctetal power per watt of heat
rejected continuously and the radiator weighs 2WW gf fuel cell heat rejected at peak

fuel cell power.
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Figure 15. Performance of a single diaphragm compssor at 5 psi gage pressure
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4.1.3. Hydrogen Storage Contributing Analyses

The compressed hydrogen storage system is modeled eomposite over-
wrapped pressure vessel using empirical data froen literature and mechanics of
materials. The hydrogen tank is of cylindrical getry with hemispherical end caps.
The tank is subjected only to loading due to thgoum pressure difference between the
internal hydrogen pressure and the external atn@gppressure. The aluminum tank
liner is assumed to be of constant thickness aed dot contribute to the strength of the
tank, but does contribute to its weight. In gehetamposite hydrogen tanks require
metallic or polymeric liners to reduce the hydrodeak rate. The thickness of the
composite overwrap is specified to resist the hsipss and the axial stress due to the
pressure loads. The total composite thicknesgualdo:

r(P_ Patm) r(P_ Patm)
T (10)

maxcomp maxcomp

tcomposite: st X

and the total tank mass is calculated using thadta:

Mo = (1+ fmount) >(miner + rncompo'sitg + rrlreg + rnH2 (11)
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Table 3. Characteristics of conceptual compressed/tirogen storage system

Hydrogen Storage Design Parameter Value Notes
. . Kevlar-49/epoxy at
Com(;;osne Overwrap Maximum Stress 1 9GPa 5506 translation
maxcoma [103’104]

Liner Density (jiner) 2700 kg/mi Aluminum 6061 [105]
Regulator Mass (rgy) 0.35 kg [12]
Composite Overwrap Densitycbmp 1530 kg/m [103]
Liner Thicknesst(ne) 0.762 mm  Aluminum 6061 [106]
Liner Load Sharing 0%
Factor of Safety to Yieldxf) 2.5-4.0
Tank Mounting/Bosses/Tubing Mass 10% [107]

Fraction tmouny

The volume Y) required by this amount of hydrogen stored atessureR) is

calculated using the Redlich-Kwong equation [108]:

RT a
P= ",
V-b 172y +b)
_ ¥ o6 -2
a=0.1425K "2 xm° xPaxmol (12)
b=1.817:10°m*smol™*

4.1.4. Aircraft Contributing Analyses [16]

For conceptual design calculations, the wing dirfed is a Selig-Donovan
7032. This airfoil is a highly efficient, low-Regtis number airfoil and is used for all of
the aircraft configurations considered. The aemnadtyic contributing analysis was
conducted using both offline and online calculasionWings2004, a potential flow
analysis code, was used offline to calculate indudeag, lift, and interaction effects
between the wing and tail [109]. The parasite dohghe wing was also calculated
offline using profile drag numbers tabulated ver&eynold’s number based on wind

tunnel tests of the Selig-Donovan 7032 airfoil [JL10
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Online, the Aerodynamic CA estimates the fuselafgeahd drag characteristics
and uses this information with the offline valuesestimate the parasite drag of the
aircraft and develop a drag polar of the aircrafiost of the online calculations are based
on the methods and equations of Roskam [87]. Uibeldge models take into account the
geometric properties of each of the powerplant comepts so as to size the fuselage
appropriately. Example designs, shown in Figurgilléstrate that the geometry of the
components of the powerplant influence the geometass, and aerodynamic properties

of the fuselage.

— Misc. Components
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45— 20
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All dimensions in cm
Figure 16. Example fuselage specifications and paaffing diagrams
Empennage sections were analyzed assuming a NAOS &@foil. Sizing of the

empennage is based on maintaining a static masgelgd by the wing chord) of 20%
and an aircraft yawing moment coefficient of 0.1Sizing of the tail is accomplished
using an offline iterative method involving Wing€0D[109] and was scaled online using
the resulting tail volume coefficients. Aircratirtist, cruise airspeed and maximum
climb rate at cruise airspeed are calculated atdsta atmospheric conditions at the

elevation of Atlanta, Georgia, USA.
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The propeller performance contributing analysibased on Goldstein’s vortex
theory of screw propellers using the Betz condifibhl]. The propeller geometries used
in this analysis are derived from measurementewérml commercially available small-
scale propellers. To account for propellers ofyway diameter and pitch, the baseline
propeller aerodynamic pitch distributions and tlenform blade shapes are appropriately
scaled while assuming that the airfoil shape distron along the blade span remains
consistent with the baseline propeller. Propdlisglage interference is modeled using
the method from Lowry [112]. Variable pitch is nedeld by allowing the optimizer to
determine the optimal propeller pitches for boimbland cruise configurations.

For this conceptual design study, the aircraftofe a two part flight path
consisting of climb and cruise, shown in Figure Trhe optimal flight conditions of the

aircraft for each mission component are determimettpendently during the flight

simulation and optimization.

150
Long Endurance Cruise

g 100 f
5
=
2
Z 50 Climb Descent

0 i 1 1 i

0 0.2 0.4 0.6 0.8 1

Flight Duration, -

Figure 17. Prototypical long endurance flight profie

4.2 Model Integration into System Analysis and Design Evironment
The fuel cell aircraft analysis and design probtéat is addressed in this study is

cast in the form of a canonical multidisciplinarestgn and optimization (MDO)
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problem, as shown in Figure 18. The design pargpecified by a number of design
variables that are inputs to a multidisciplinaralgsis (MDA) or design structure matrix
(DSM) which is capable of analyzing the complextsys at the system level. The
performance of the aircraft design is improved Ioybedding the DSM inside of an

optimization routine, which varies input design ighles to minimize a cost function

(OEO.
Design Design System Matrix Performance Optimization
Variables - and Cost Tools
Powerplqnt Functions
Parametric [ %
Design CA
I\ v
Aircraft ¥
¥, | Parametric :
Design CA X,
XV oy o
L— | x > - v [y . [OEC:x:y] .
Y,
o0 0
7,
i Y
y Performance
" Analysis
CA

Figure 18. Canonical multidisciplinary design and ptimization problem structure

The 45 CAs that are used for the fuel cell airpldasign problem are connected
into the DSM shown in Figure 19. The problem corgd 08 CA variables and 28 design
variables. The DSM is primarily upper triagonalthnonly a few feedback signals. For
solution purposes, the feedback loops are eliminbyedefining compatibility constraints
and introducing guess design variables. A conwkegeution of the DSM for a given
design variable input vector x is then found usMgwton’s method. The design

variables that are used to specify the aircraffiganation are provided in Table 4.
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Figure 19. Default design structure matrix for fuelcell UAV design problem
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Table 4. Primary design variables and side constrats for conceptual design of a

fuel cell UAV
Minimum  Minimum
Value Value

Design Variable [units] [units]
Electric Motor Scaling Parameter 1[] 12 []
Number of Propellers/Motors 1[] 4[]
Number of Fuel Cells 1[-] [-]
Fuel Cell Active Area 1[] [-]
Hydrogen Tank Radius 0 [m] [m]
Hydrogen Tank Length to Diam.
Ratio 1[] 41[-]
Hydrogen Storage Pressure 0 [MPa] [MPa]
Propeller Diameter 0 [m] [m]
Wing Area 0[] [m?]
Wing Aspect Ratio 1[-] 20 [-]

Propeller Pitch at % Span at Cruise 0 [m] [m]
Propeller Pitch at % Span at Climb 0 [m] [m]
Motor to Propeller Gear Ratio 0.1[] 20 [-]

4.3  Design Optimization Methods

Varying the values of the design variables chartgesperformance of the aircraft
model. In order to design aircraft that can maetdesign goals of interest, the MDA is
wrapped in an optimization routine that controls tfesign variables so as to improve the
design of the aircraft by minimizing an overall Baion criterion QEC) function,

subject to constraintgj).

Minimize : OEC(y(x))
Subject ta03 g(x) (13)

A negative number for any of the side constraiais @ccur when a design variable is
outside of the ranges shown in Table 4. Many efghysics-based CAs will produce an
error if a design variable is outside of the phgljcfeasible ranges (ie a Hydrogen Tank

Radius of < 0). Unfortunately, many constrainetirojzation schemes cannot guarantee
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that side constraints will not be violated durirge tsolution process. To avoid side
constraint violations, a sequential unconstrainadimization technique (SUMT) was

used. The SUMT requires that the objective fumctambe reformulated as:

F = 0EC(y(x))+ iz (x, y(x)) (14)

where is a scalar multiplier angd(x, y(x)) is an imposed penalty function

dependent on the design variabl®sand the CA output variableg)( In order to force
the optimization procedure to favor feasible designd to avoid possible discontinuities

caused by the introduction of the penalty functibe, following definition forz(x, y(x))

was used:

z(xy)=  §,

j=1 (15)
§,00=-—— . 9 (NEE
I gj(x) if ] (16)
o 2e-g,(0
e=-C¥/) (18

The variable arrayg; (x) represents the absolute and side constraints.ewhes the

total number of absolute and side constraints. Sdsar values o€ = 0.246 anda =
0.417 were used in all calculations based on peafar weighting of the design criteria

[113]. For the first stage of the optimization,= 0.006 was used. The converged
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solution of the first stage optimization providesbatter starting point for the next
optimization stage. For the next stags decreased to 10% of its previous value and the
optimization routine is repeated using the previeakition as a starting point. This is
continued until the acceptable convergence critemige been met.

Figure 20 shows the result of a multi-objectivedé&aff study performed using the
tools described above. The multi-objective stuglganstructed by treating the climb rate
as a constraint in the above formulation. By vagythe value of the constraint, the

Pareto optimal frontier can be constructed [113].

61



3800 T T T T T T

3600

3400 i

0]

3200 |- o -

3000 - .

Aircraft Range, km
O

2800 |- o .

2600 o .

2400 1 1 1 1 1
60 70 80 90 100 110 120 130

Climb Rate, m min’!

55 o

50 q

O

45

Aircraft Endurance, hrs

30 1 1 1 1 1 1
50 60 70 80 90 100 110 120 130

Climb Rate, m min"!
Figure 20. Multi-objective tradeoff study of fuel ell aircraft performance as a

function of climb rate constraints and cost functims
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4.3.1. Optimization Algorithm Performance

Figure 21 shows the performance of the optimizaadgorithm at finding the
optimum configuration from three separate starfpuints. The three starting points
represent different initializations of the optintioa algorithm. As the iterations of the
SUMT optimization scheme progress, the three diraasigns converge to the same

point in the design space.
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Figure 21. Optimization algorithm performance

4.4  Model Validation Tasks

The multi-disciplinary analysis framework for systelesign decomposes design
problems into discrete contributing analyses witedefined interactions between the
contributing analyses. Validation of systems medgthin the multi-disciplinary design
framework therefore has three primary components:

1. Independent validation of the contributing analys@his method theorizes

that if each of the contributing analyses is trdstbe systems analysis built
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from them can be trusted. This can be though o &siild-up approach to
systems validation [114,115].

2. System-level validation of the system-level behaviorhis method seeks
validation of system level behavior of the model dpmparison to system
level behavior of the modeled system.

3. Validation for design decision utility. This step validation ensures that the
system model has a utility as a component in agdgsiocess. This type of
validation is asserted by using the model for desapd analyzing the
outcomes [116].

These steps of the validation process are showirignre 22. The three
components of the validation process are shown widr information inputs. For
instance, thesubsystem validatioprocess consists of a comparison between the potpu
the contributing analysis and 1) the results ofeexpental tests of the actual component,
or 2) the product specification literature. Tystem level validatiomakes a comparison
between the results of thee detail design andytbtem test results. Any inconsistencies
between these results show that the fuel cell syst®del does not capture all of the
relevant interactions between the contributing ysed. The design process validation
shows the comparison between the conceptual desidrthe system test results. If the
performance as predicted during conceptual desightlae performance as realized are
substantially different, then the design processas validated. If the values of the
design variables from conceptual design and deé&aign are substantially different, then

the design process is not validated. Ideally,dbgign process provides a direct decision
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making path between the conceptual design and a oiimal detail design or similar
performance and configuration.

Whereas a vast majority of aviation system designliss have incorporated
contributing analysis validation, the scale, comjeand cost of most applications
prevents system-level validations. This reseaffirteattempts to perform an empirical
contributing analysis validation, an empirical €yst level validation, and a validation of

the efficacy of the model within the proposed desgheme.
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4.4.1. Subsystem Validation

The following sections describe the empirical cimiting analysis validation.
The systems level validation is performed by conmgaithe system performance as
modeled to the system performance of actual hamljl#].

Validation of the fuel cell system output voltagerh the fuel cell CAs is

performed by comparison to the Horizon H300 fudll lcerdware, shown in Figure 23.
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Figure 23. Actual by predicted plot for the Fuel Cd Voltage CA using the Horizon
H300 fuel cell stack

Uncertainty in the steady state hydrogen flow ratgput from the CA is
calculated from comparison to the Horizon H300 fuedl hardware, shown in Figure 24.
The uncertainty in the CA is due to both aleatorgt apistemic uncertainty. The aleatory
uncertainty in the experimentally measured momenmbment hydrogen flow rate is

1.4% and the epistemic error in the model is 5.3Pke total uncertainty is calculated as
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the Pythagorean sum of these component errorss nbtable that the Hydrogen Flow

Rate CA slightly under-predicts the hydrogen flater

[¥8)
|

Actual Hydrogen Flow Rate
(L min)
()

Predicted Hydrogen Flow Rate
(L min1)

Figure 24. Actual by predicted plots for the Hydrogen Flow Rate CA
Uncertainty in the hydrogen utilization output tietfuel cell CA is calculated

from comparison to the Horizon H300 fuel cell haade; shown in Figure 25.
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Figure 25. Actual by predicted plots for the Hydrogen Utilization contributing
analysis

Uncertainty in the balance of plant power consuamptutput from the CA is
calculated from comparison to the Horizon H300 fuedl hardware, shown in Figure 26.
Because of differences between the balance of @astmed by the model and the

balance of plant used in the H300 system, the maaie$ not validate very well.
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Figure 26. Actual by predicted plots for the balane of plant contributing analysis
Figure 27 shows the comparison between the pred@fe outputs and the actual
hydrogen tank characteristics as provided by a cerolm composite overwrapped
cylinder manufacturer [117]. The uncertaintiestire hydrogen tank CA outputs are
primarily due to error in the model. Variability ithe dimensions of the tanks as

manufactured is approximately 0.6% and variabihtyank mass is 2.1%.
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Figure 27. Actual by predicted plots for the Hydrogen Tank Mass and Dimensions

contributing analysis

The uncertainty associated with the outputs of Phnepeller CA is calculated

based on comparisons between the calculated pexfmenand actual wind-tunnel

performance of three propellers. Aleatory uncattais assumed to be 0% because, for

instance, the effect of manufacturing variabilityterms of the values of the CA output
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variables is negligible [118]. An actual versusgcted comparison for propeller

coefficient CA is shown in Figure 28. The errangthe propeller CA are modeled as an

epistemic uncertainty.
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Figure 28. Actual by predicted plots for the Propder CA

Data is not available to comprehensively validhe aircraft mass, lift and drag
contributing analyses. For purposes of designnibdeling uncertainty associated with
the aircraft contributing analyses is estimateiawe zero mean and a standard deviation
between 2% and 5% of the mean.

Table 5 summarizes the quantitative results ofsthiesystem validation efforts.
The error in each subsystem contributing analysimedeled as a Gaussian distribution
of zero mean. The standard deviation of the modeérror is representative of the

degree of fidelity of the models constructed fdosgstem modeling.

72



Table 5. Statistical fits to error between contribuing analyses and experimental

data for fuel cell powerplant and aircraft models

Subsystem Validation

Design Variable or Contributing Analysis Output Standard Deviation
_  Hydrogen Flow Rate (L mif) 3.4%
L% § Hydrogen Utilization (-) 3.3%
ng Hydrogen Tank Mass (kg) 16.9%
2 ; Hydrogen Tank Volume (M 6.6%
i .S Hydrogen Tank Length (m) 7.1%
8 5 Hydrogen Tank Diameter (m) 1.8%
2 ‘g Hydrogen Equation of State frmol™) 1%
L O Fuel Cell Stack Potential (V) 17.9%
Balance of Plant Power (W) 81.1%
2 Propeller Mass (kg) 1%
2 Wing Mass (kg) 5%*
g Tail Mass (kg) 5%*
g Propeller/Fuselage Interference Coeff. (-) 5%*
% Fuselage Drag Coeff. (-) 5%*
2 Wing Lift Coeff. (-) 2%*
g Wing Drag Coeff. (-) 5%*
O  Propeller Power Coeff. (-) 10.4%
§ Propeller Thrust Coeff. (-) 9.3%
-;—‘: Motor Current at Full Power (A) 4.7%
Motor Current at Cruise Power (A) 26.3%

*Estimated, all others are experimentally validated

4.4.2. System-level Validation

In order to validate the predictive performancetttd design simulation at the
system level, the predicted system performancebsaicompared to the experimental
system performance. For this comparison the da# populates the contributing
analyses are meta-models of the experimental peaioce of each powerplant
component. For instance, for the fuel cell polaian model, the contributing analysis is
a curve fit of the fuel cell stack polarization ¢er For the electric motor model the
contributing analysis is a neural network fit topemental data of the electric motor
performance. This assures that the contributirglyais models are very accurate (as

shown in Figure 29) and that inconsistencies batwtbe system performance of the
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model and the hardware are due primarily to unmemtledystem interactions. This
experiment can validate the connections betweendhgibuting analyses.
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Figure 29. Actual by predicted plot for electric mdor model
The design of a fuel cell powered aircraft was aheieistically optimized for
endurance using the design variables and condrsimwn in Table 6 and the following

side constraints.

Climb Rate h>75mmin™

(19)
Propeller Mach NumbeMy, < 0.85 (20)
Reynolds Number based on wing chord, Re<200,000 ) (21
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Table 6. Design variables for system level validatn study

Lower Upper Final Design
Design Variable Bound Bound Point Units
Hydrogen Tank Length to Diameter Ratio 1 4 3.1
Hydrogen Tank Radius 0 inf 0.026 m
Hydrogen Tank Pressure 0 inf 3.10E+07 Pa
Motor Series Number 2 15 10
Planform Wing Area 0 inf 0.951 m
Number of Motor Winds 15 3 2
Motor Gear Ratio 1 10 6.7
Propeller Diameter 0 inf 0.6073 m
Propeller Pitch 0 inf 0.4976 m
Number of Fuel Cells 0 inf 62
Fuel Cell Active Area 0 inf 20 cn

Table 6 also shows the design

point that is theuiuof the fuel cell aircraft

design process. The design cruise endurance @ittrft at this point is 22.48+2.1 hrs

and the design climb rate is 72.6+15.3 m minThe powerplant hardware that is

specified at this design point was bought, assetnbiel the performance of the aircraft

powerplant was measured using an electric motomamhgmeter, which is shown in

Figure 30 and Figure 31.
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Figure 30. Schematic of powertrain testing dynamonter setup
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Figure 31. Photograph of powertrain testing dynamorater

The comparison results are shown in Table 7. Toemainty associated with the
hardware tests are experimental measurement umtEsa The design study only
incorporates uncertainty in the calculated endwanés shown by these results, the
performance of the fuel cell models can be qualest validated against the hardware
performance of the H300 fuel cell powerplant.

These results show that the system performandeedisel cell powerplant model
is very close in comparison to the physical perfamge of the powerplant. This result
supports the system level validation of the modekbowing that there are no relevant
system connections or relationships that are natucad by the model.

Table 7. Comparison between design point and hardwe experiment

Simulated
Hardware System
Signal Name (Units) Bench Testing Design Study Error
Hydrogen Flow Rate (L mif 1.71+0.05 1.70 -1%
Net Electrical Power (W) 142.65+8.5 134.48 -6%
Rotational Power (W) 101.24+1.7 99.97 -1%
Endurance (hrs) 22.48+0.62 22.35+0.61 -1%
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4.4.3. Validation as a Component of a Design Process

Validation of this final point in the conceptual sign was performed using a
benchtop hardware in the loop simulator whose #&gchire and function are described in
Chapter 8. The physical, assembled fuel cell UAWvertrain including the fuel cell,
balance of plant, and electric motor are testethatcruise condition derived from the
conceptual design exercise. This experiment assuimeg the rest of the aircraft is
designed so that it performs at its determinisijaabtimized condition.

Figure 32 shows the design performance with eséichancertainty bounds as a
function of the stage of the design process. Ah litial and detail design stages, the
aircraft performance is shown with the estimatedeutainty that is due to the uncertainty
in both the fuel cell powerplant models and theltaincertainty that is due to both
powerplant and aircraft models. As might be exgecthe uncertainty associated with
the design points goes down as the design procegsesses. The final condition shown
in Figure 32 corresponds to the results of thewward in the loop endurance tests. At
this point, the uncertainty associated with theraft models is zero (by assumption) and
the uncertainty associated with the powerplant eprasentative of experimental
uncertainty.

The cruise endurance of the fuel cell UAV as betedted is 22.35+0.6 hrs,
including a standard deviation of experimental utagety. The bench test shows that the
fuel cell UAV design as implemented is within th@erimental uncertainty of the design

point using the multidisciplinary analysis.
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Figure 32. System-level validation of the fuel celilesign tool for the design goal of
endurance
Figure 33 compares the values of the design vasahbt the initial and detall
stages of the design process. This comparisorige®a degree of validation because of
the similarity between values of the design vagalt the initial and final design points.
More details of the design process and uncertginbpagation are presented in

[16].
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Figure 33. System-level validation of the fuel cetlesign tool for some of the design

variables associated with the aircraft design

4.5  Chapter Conclusions
This section of the research effort has allowetbumddress Research Question 1,

which is restated here:
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Research Question:1Can the geometry, performance and mass of fuekgstems be
represented parametrically within an integratedlidated, optimizeable powerplant and
propulsion system model?

Research Question 1 is associated with Hypothesis 1

Hypothesis 1.1The development of sub-system level fuel celepalant models will
allow for validated, scalable, optimizeable perfamoe simulation for fuel cell

system conceptual design.

The research effort has provided support for tlyigothesis. A subsystem-level
model of the fuel cell powerplant has been propaseatideveloped. System component
models are based on a variety of information saunmeeluding the fuel cell literature and
experimental testing of relevant components. \&iah of the models at the subsystem
and system level has been performed using expetaindata from the two constructed
fuel cell systems. The validation is effective egl that the model does have utility in
the fuel cell UAV design process described in [16This utility has been validated

through the execution of an entire design processa fuel cell UAV.
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CHAPTER 5

DESIGN STUDIES FOR FUEL CELL POWERED AIRCRAFT

The design tools described above allow for thenitedin of optimal conceptual
PEM fuel cell aircraft configurations that are sdtjto certain assumptions regarding
proposed architecture, design constraints and @gtion criteria. In this section we will
guantitatively explore the effect of these assuamsion the conceptual design of fuel

cell aircraft. Design tradeoffs among multiple staints and objectives will be assessed.

5.1  Comparison of Fuel Cell System Design Rules

Conceptual fuel cell aircraft design studies thaveh been performed to date
incorporate system-level models of fuel cell podemps. These models describe the
performance of the powerplant as a bulk system ard scalable by a variety of
performance metrics including specific power (W/kgpecific energy (Wh/kg) and
power density (W/L). These models are most oftenved using sparse data from the
automotive fuel cell literature. Intrinsic to tleesystem models are assumptions about
the structure and function of the fuel cell systémat come from the automotive
application.

For instance, the design method used in most digr cell design studies
assumes that the air supply compressor is sizétidoynass transport limited current of
the fuel cell. This is a commonly used assumptiéh,74,81] that states that the
maximum airflow of the air supply compressor isgodional of the amount of air that
the fuel cell stack requires to produce its peak, mass transport limited, current, and

that the air supply rate should not be the limithagtor in developing fuel cell peak
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power. This assumption is relevant for fuel cetlwered automobiles where the
performance of the automobile is highly dependenthe stack output power. We can
use the tools developed for this study to undedstdoe limitations intrinsic in this

conventional design method, and to determine whakeroptimal balance of plant sizing

laws might be for long-endurance fuel cell poweagdratft.

5.1.1. Methods for Fuel Cell System Design Rules Compariso

To conduct this comparison, we will design and carepwo fuel cell powered
aircraft under the two different sets of designstoaints. The difference between these
design assumptions is shown conceptually in Fig8f#e Figure 34 shows the
contributing analyses of the design structure maitdere the fuel cell and balance of
plant are analyzed. Both aircraft have the sansegderariables (Fuel Cell Active Area,
Number of Fuel Cells) input to this portion of tb&M, and both aircraft use the same
contributing analysis modules. The difference leetwthe design method for Aircraft A
and Aircraft B is in the structure of the DSM ahe inputs to the Balance of Plant Sizing
contributing analysis.

Aircraft A is designed with the traditional desigonstraint that the balance of
plant is sized as a function of the active areatdichcurrent. In Aircraft A, the output of
the balance of plant sizing contributing analysss passed forward to the Aircraft
Performance contributing analysis to be sure traarte of plant mass and power
requirements are taken into account in the airgeafformance calculation. Also, an
output of the Balance of Plant Sizing contributagglysis is passed backwards to the
Polarization Curve contributing analysis iteratiwsb as to assure that the current coming

from the fuel cell represents both the current meguby the aircraft and the current
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required by the fuel cell balance of plant. Thputs to the Balance of Plant Sizing
contributing analysis are the number of fuel cafligl the active area limited current.

Aircraft B is designed so that the balance of piarsized by the actual current
required of the aircraft during climb. In orderrfethe Balance of Plant Sizing
contributing analysis to have that information @&sigle, the Aircraft Performance
contributing analysis must have already been rdrhis requirement means that the
aircraft performance code must be within the feekblaop between the Polarization
Curve and Balance of Plant Sizing contributing gses.

The conventional design rules used to design AftcA have a number of
conceptual and computational benefits. Conceptudircraft A is a simpler aircraft to
understand and design. Where Aircraft A has weaaksl| between the fuel cell
contributing analyses and the aircraft performacmetributing analyses, Aircraft B has
feedbacks between the fuel cell design tasks amaitisraft design tasks. This structure
makes the design structure matrix computationallyranexpensive to evaluate and
converge. Also, the design process for AircrafisAeasier to partition into discrete and

disciplinary fuel cell analysis tasks and aircpdtformance analysis tasks.
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Figure 34. Conceptual design structure comparisondiween two fuel cell system

design rules

5.1.2. Results and Discussion for Fuel Cell System DeRigles Comparison

The two aircraft are then designed to maximize tatiesn endurance, subject to a
125 m mirt* climb rate constraint and a maximum weight comstraf 30 kg. The design
characteristics of the two aircraft are shown ibl€a8 and Figure 35. Comparing the
performance of the two aircraft shows that Airciafis a longer endurance, and therefore
more optimal aircraft than Aircraft A, suggestirtat the integrated balance of plant

design is more effective than the conventionalgresissumptions. Figure 35 and Figure
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36 provide some insight into the design tradeoffiat tthe optimizer is exploiting to

improve the performance of Aircraft B. Figure 36mpares the subsystem weight
breakdown for the two aircraft designs. FiguresBéws the fuel cell stack polarization
curves for the two aircraft designs. Three pojes curve are indicated on Figure 36.
The condition of the fuel cell is shown at the seuand climb condition for each aircratft.
Also Figure 36 shows the active area limited cuirerhich represents the maximum
current that the fuel cell stack could produceggian unconstrained reactant flow.

Table 8. Comparison of aircraft characteristics forAircraft A and Aircraft B

Aircraft A Design B
Aircraft Characteristics “Conventional “Integrated BoP
Design” Design”

On Station Endurance [hrs] 23.3 32.6
Hydrogen Tank Volume [L] 17.4 19.9
Number of Fuel Cells [-] 67 49
Fuel Cell Active Area [c] 34.3 64.9
Fuel Cell Mass [kg] 20.9 21.3
Fuel Cell Output Power at Cruise [W] 3334 300.1
Aircraft Climb Rate [m mifi] 125.3 125.4
Fuel Cell Output Power at Climb [W] 1211 1189

Based on (14), the dual goals of the design opttran tool are to minimize the
objective function and to satisfy the constrainglthough both the objective function
(endurance) and many of the constraints (climb)rate aircraft level metrics, these
objectives force requirements of power and energthe fuel cell powerplant. To meet
the climb constraint, the optimization algorithm shiadd electrical output power to the
fuel cell system by adding additional fuel celliaetarea or an additional number of fuel
cells. To add additional endurance, the optimineist either reduce the mass of the
aircraft by shrinking the fuel cell and balance m&nt mass, or improve the fuel

conversion efficiency of the powerplant by addinglfcell active area or an additional
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number of fuel cells to reduce the fuel cell cutrémading. The mechanisms of
efficiency improvement with decreasing current dgrsre shown in Figure 14.

For Aircraft A, the optimizer handles the duelmegjuirements by designing a fuel
cell with relatively small active area and a largember of cells. The design rules for
Aircraft A demand that the balance of plant be eg¢dly the active area limited current.
In order to avoid a very weighty balance of plahg fuel cell active area is kept small.
This is shown in Figure 6 by the small peak curreant Aircraft A and the close
proximity of the climb condition operating point the active area limited current point.
Despite the small size of Aircraft A’s fuel celbsk, Figure 35 shows that the balance of
plant for Aircraft A is still heavier than the balze of plant for Aircraft B.

For Aircraft B, the design of the fuel cell balenaf plant is decoupled from the
scaling of the fuel cell, and the optimizer is ali® discover a more optimal
configuration. Figure 36 and Figure 37 show thetduse of this decoupling, the current
required by the aircraft at climb is roughly halftbe active area limited current. In other
words, the fuel cell is roughly two times largeanhis necessary to meet the power
demands of the aircraft. This suggests that thenger is moving towards larger fuel
cells in order to reduce the current density of filnd cell stack, thereby improving its
efficiency. Because the balance of plant sizind frel cell active area are decoupled,
the balance of plant can be under-sized for thedelé stack, reducing its weight, while
still allowing it to manage the fuel cell for akalizeable performance conditions. Of
course, increasing the fuel cell size, makes itemmassive relative to the fuel cell
specified for Aircraft A, but this mass differenisemade up for by the decreased mass of

the fuel cell balance of plant.
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Figure 37. Efficiency-based comparison between rudebased and integrated design
of fuel cell powerplant
As shown in Figure 35, the fuel cell balance @inplis a significant portion of the

fuel cell aircraft mass. In order to accuratelgige and implement fuel cell powered
aircraft, the balance of plant must be considersdaa important and optimizeable
component of the design process. Whereas autoendégign studies have determined
that the fuel cell balance of plant should be simedpproximately 80-90% of the active
area limited power, this study suggests that 45-%)%ore optimal for long endurance

fuel cell aircraft.

5.2  Application-level and Powerplant-level Design Metrc Comparisons
Many researchers have proposed that aircraft destggrated MDO is perhaps

not necessary and that the design of long-endurfareteell aircraft might be simplified
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by designing the fuel cell system so as to maxinpmaverplant specific energy,
independent of the aircraft propulsion sub-systesnfgpmance or aircraft geometry
[19,34,89]. These studies suggest that perhapscéliesystems could be specified for
fuel cell powered aircraft based on powerplantdeglesign requirements such as
powerplant specific energy, and powerplant spegéwer, instead of using more costly
aircraft-integrated design methods. The goal o gection then is to compare the
efficacy of fuel cell aircraft design towards applion-level design metrics with design
towards powerplant level design metrics. This isaectwill derive powerplant-level
design metrics of interest, propose and follow sigie experiment so as to compare the
design strategies, and will draw conclusions reiggrthe differences between the design

strategies.

5.2.1. Derivation of Design Metrics for Fuel Cell UAVs

To date, the designers and developers of fuel peWerplants have been
primarily responsive to the needs of the automotwe stationary power generation
applications. To maximize the performance of faell powered aircraft, fuel cell
powerplants will have to be designed and built ®etaviation-specific design criteria.
These may involve significant departures from coiemal automotive or stationary fuel
cell design. For aviation, some primary aircraftdl performance metrics include range,
endurance, rate of climb and maximum speed. Taesgft design requirements can be
translated into first-order, powerplant-level desigquirements for the fuel cell system

by analyzing Newton'’s Laws for an aircraft in stgalével flight [1].

A simplified range equation for unconventional powants can be derived where

aircraft weight is constant,
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dE
ds= — 22
T (22)

During steady level flight at small angles of alttat=D andL=mg,

G, (23)

E_E
L m

E L
s= — = —
D D

A similar approach can be followed to derive a difigd endurance equation for

unconventional powerplants.

~Co (24)
C.
L= % rv’S,C, (25)

Rearranging (4) withW=L,

72
W

% rS,C. )

The propulsive output energy is the integral of pinepulsive output power. Under

\Y

the assumption that the weight of the aircraft gesnnegligibly over the course of the

flight,

t % 3
£- Coyy W go_Cot W (27)

oG Lrsc [Vrs, C

Solving for the aircraft endurance,

ml; (A f?)yzCL% 28)
2 97%C,

t=

Under similar assumptions, the aircraft flight patigle can be expressed as,

90



v vG_ECG _P G (29)
mg mgC, m gC, m gGC,
and the aircraft airspeed as,
v=P-P_PC (30)
T D m gC,

Based on these analyses, we can characterize signdeetrics to be maximized so

as to maximize fuel cell aircraft performance. maximize the performance of the fuel

E

2

cell powered aircraft we can maximiz€ which is proportional to aircraft range
m

which is proportional to aircraft endurance, arid which is proportional to flight path
m

angle, climb rate, maximum speed and many otheradirperformance metrics.

Powerplant specific energy is defined for this gtad:

E _ Pt

Moower  (Mec * My + My rang + Myop) (31)

Powerplant specific power is defined for this stiady

P Pec

mpower (mFC + rnHZ + rnHZtank + mBOP) (32)

5.2.2. Methods for Design Metric Comparisons

The design tools developed for this study allow thoe comparison between a

design optimized for these subsystem performandeigeesuch as E E

(mpowe,)% ' (mpower)

P . - : :
and(—), and a design optimized for aircraft-level perfarme metrics, such as
m
power
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endurance, range and climb rate. This comparisiirbes made by designing fuel cell
powered aircraft for both aircraft-level and powarg-level design criteria, and making
comparisons between the performance of the regudlircraft. The last step determines
whether the aircraft optimal performance can b@vered through aircraft design once
the powerplant design variables are frozen at tvegpplant-level optimum.

The experimental method is described below andbalar form in Table 9 and
Table 10.

Let the vector of design variables, be split into a set of design variables that
control the powerplant and hydrogen storage deaigh a set of design variables that

control the aircraft design.

X= |_X-prower : XeTirframeJ T (33)
Xgower = [ncells A:C r.H 2 ARank I:)H 2] (34)
X;-irframe = [Xmotor Ymotor d SN pcruise pclimb R] (35)

1. The aircraft is designed using all design variaflgsmaximum endurance
subject to side constraints: a 125 m thiolimb rate constraint and a
maximum weight constraint of 40 kg. This step eestthat the subsequent
design steps occur in the neighborhood of a feagbint in the design space.
This configuration also serves as the experimeataitrol. Optimization
towards other design criteria will move away frorhist aircraft-level

optimized design configuration.
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2. From this baseline, the powerplant is redesignedniaximum ﬁ
m
power

using only the powerplant and hydrogen storagegdesariables (Qowe,).

The aircraft-level side constraint on climb ratereplaced with a single

. P : -
powerplant-level constraint OT—). This step allows the optimizer to
m

power
seek out a sub-system optimum in terms of powetglasign metrics at fixed

specific power. This approximates the action aiaive designer working

— . o E
towards designing a fuel cell aircraft powerplamtas to maX|m|ze(—V
m
power

while maintaining a fixed specific pow

power

3. The powerplant design is now fixed and the airasaftesigned using only the
airframe design variables. Again, the aircraftdissigned for maximum
endurance subject to side constraints: a 125 ni' limb rate constraint and
a maximum weight constraint of 40 kg. This stepragimates the action of
an aircraft designer who is given a fixed powerplaesign and must
maximize performance only using aircraft designaltaes.

This procedure is repeated for the similar studyemehthe design goal is a

maximum range aircraft. The procedure for the eastgdy is shown in Table 10.

93



Table 9. Tabular summary of steps associated withhe endurance design metric

comparison experiment

Step 1 Step 2 Step 3
Goal In@tialize Degign at | Move Towards Fuel Moye Back Towards
Aircraft Optimum Cell Optimum Aircraft Optimum
Cost Function -Endurance Erc Mower > 2 - Endurance
Constrained Variables Climb Rate Prc Mpower Climb Rate
Actiye Design Ft_JeI Cell and Ft_JeI Cell and Aircraft DVs
Variables Aircraft DVs Aircraft DVs

Table 10. Tabular summary of steps associated witlthe range design metric

comparison experiment

Step 1 Step 2 Step 3
Goal In@tialize Degign at | Move Towards Fuel Moye Back Towards
Aircraft Optimum Cell Optimum Aircraft Optimum
Cost Function -Range Erd/Mpower -Range
Constrained Variables Climb Rate Ped/Myower Climb Rate
Actiye Design Fl_JeI Cell and Fl_JeI Cell and Aircraft DVs
Variables Aircraft DVs Aircraft DVs

5.2.3. Results and Discussion for Design Metric Compaigson

Figure 38 shows the trajectory of the design staslyit progressed. The study

begins at in the lower left corner of the figurejigh is shown on axes of aircraft on-

. E . o
station endurance anw. As the first optimization progresses, the aitcra
m 2
power

configuration improves in terms of both endurancel a(i)y The optimizer
m

power

reaches an endurance optimal solution with all waimgs met at Point 1. Although
configurations with higher endurance are explorgdh® design optimization scheme,

these configurations do not meet the design canstrand are therefore not optimal with
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respect to (14). Step 2 of the design study begtnBoint 1. The design study then

begins to optimize the fuel cell powerplant for theetric of As the

_E
(mpower)% .

E . . .
of the aircraft powerplant increases, the endwanfcthe aircraft decreases.

(Moner)
mpower

The optimization algorithm finds the configuratiaith the highest availabl

E
)
mpower

and with all powerplant-level constraints met ainP@. Step 3 of the design study
begins from Point 2 and attempts to improve theuesmte of the aircraft and meet
aircraft-level performance constraints using ohly &ircraft design variables. In fact, the
optimizer is unable to improve the endurance ireotd meet the climb rate constraint.

A similar progression is shown in Figure 39 for geme design study performed for

. . - E
optimal range and optimal specific energy—).
m

power
Step 1 of the design process has derived the obtiomiguration for the aircraft
level design metrics and aircraft level constrathest are appropriate for fuel cell aircraft

design. From Figure 38 and Figure 39, we cantsatefor these fuel cell aircraft, aircraft

: . . E
endurance is roughly proportional to the powerpla@tformance metric of————-

(M)
mpower

and aircraft range is roughly proportional to thewprplant performance metric of

(mi)' Figure 40 shows the same results as Figure 89the steps broken down into
power

individual figures and with arrows showing the diten of motion of the optimization

routine.
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Steps 2 and 3 of the design process allows us apare the effectiveness of
integrated aircraft/powerplant design and disirdégnt powerlant and aircraft design that
uses subsystem-level design metrics to guide pdamrplesign. A comparison of the
design point 1 to the design point 3 shows thaigtesf fuel cell aircraft using the

owerplant-level performance metrics of E E and
i i i k(rlnpower)y ’(mpower) (

are a poor
mpower)

substitute for an aircraft-integrated multidisanalry optimization-based design process.

The endurance of th optimized aircraft is 16.5% less than the optimamnad

E
mpower)%
the range of the(mi) optimized aircraft is 6.6% less than the optimutrew aircraft

power

weight is constrained at 40kg. These experimengsrapeated for both range and
endurance and at a variety of constrained airevafghts. Results are shown in Table

11.
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Table 11. Design of experiment results for design etric comparison study with

percentage improvement from aircraft level design ratric optimization

Percentage Improvement Using Aircraft Level
Design Metric Optimization

_ Powerplan®ptimalCostFunctiorivalue

Aircraft Weight 1

Cost Function Constraint AircraftOptimalCostFunctionvalue

Range 50 kg 2.4%
Range 40 kg 6.6%
Range 30 kg 7.8%
Range 20 kg 11.4%

Endurance 50 kg 11.3%

Endurance 40 kg 16.5%

Endurance 30 kg 7.5%

Endurance 20 kg 5.6%

Conventional design rules for fuel cell powerplanteat are derived from
automotive design requirements or from design dfioations produce significantly sub-
optimal results when applied to fuel cell aircrdéisign. Application-integrated design

studies can be used to derive and design imprawedcc€ll powerplants for aircratft.

5.3  Fuel Cell UAV Design Case Study

In order to analyze the design of a fuel cell padeaircraft in detail, the aircraft
design code was exercised with the goal of desgg@nmore practical and tactically
valuable long endurance fuel cell powered UAV. dAgh, the aircraft is designed to
climb at 120 m mift and carry a 1 kg, 15W payload over a maximum earthe mission.
The climb rate is comparable to the climb raterofl-scale UAVs [23]. The payload is
representative of the power and mass requiremémtsrmniature synthetic aperture radar

system for UAVs [119]. The mission profile is dexd from a characteristic low-altitude

base patrol mission.
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A two view drawing of the aircraft concept is showrFigure 41. The aircraft as
designed has an on station endurance of >25 hauvangspan of 4.4m and a gross
takeoff weight of 20 kg. The specific electricaleegy and specific electrical power of
the fuel cell powerplant including hydrogen storagel balance of plant is 340.3 Whg
and 55.5 W kg. This can be compared to the specific energy aiventional
rechargeable lithium ion batteries at 166 WH lamd 313 W kg [33] or primary Zinc-air
batteries at 300 Wh kg and 55 Wd42] A comparison of the capability of the fuel

cell powered UAV to a commercially available UAVpegesented in Table 12.

’ Hydrogen Tank
- L o
L , ‘_77_777_j
Payload
Fuel Cell Stack
‘-\.\ J
RN - 4 —— 1 meter ——

Figure 41. Two view drawing of fuel cell powered UX design case study
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Table 12. Comparison of fuel cell powered UAV cassudy to conventionally

powered commercial UAV

AerosondeMk 1 Conceptual

Design Characteristic [23] FCUAV
Empty Endurance 26.8 hrs 25.2 hrs
Climb Rate 120 m/min 120m/min
Gross Take off Mass 13.4 kg 20 kg
Wing Span 2.9 m 4.4 m
Orthogonal
Design Variable Estimates
Number of Fuel Cells -0.5147283
Hydrogen Tank Radius 0.5047611
FC Active Area -0.2584526
Electric Motor Param. [ -0.1774235
Electric Motor Param, 11 0.1017902
Hydrogen Tank L/D 0.0864655
Gear Ratio 0.0848464
Propeller Diameter -0.0793146
Hydrogen Tank Press. 0.0683040
Wing Area 0.0566952
Propeller Pitch at Climb -0.0230375
Propeller Pitch at Cruise.  -0.0040243

Figure 42. Pareto plot of Endurance response surfaditted to final design point of
fuel cell UAV

A sensitivity analysis of the endurance-optimal fauration was performed by
using a full factorial design of experiments (DCd&pund the optimal design point for
endurance.

An analysis of variance (ANOVA) was performed oe tlesults of the DOE to
generate the Pareto plot in Figure 42. FigureasRlates the percent contribution of each
of the design variables with respect to the oveaige variability calculated from the
DOE. Figure 42 shows that the aircraft enduraridbeoptimal design is most sensitive
to the design variables associated with the fuklasel hydrogen tank. Propeller pitch

and aircraft wing area are the least influentiaigie variables.
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5.4  Chapter Conclusions
This section of the research effort has allowedouaddress research question 2,

which is restated here:

Research Question:2s the extra complexity and cost of a multileglekign tool (that
includes subsystem-level, system-level and appicétvel models) justifiable for
optimization and design of fuel cell powered aift?a What are the costs to the design
performance of replacing either the application rabdr subsystem models with the
surrogate design rules that have been proposeiierature?

Research question 2 has two hypotheses associdiedt.w Each hypothesis is

discussed in turn.

Hypothesis 2.1Disintegration of the powerplant design rulesoalls for empirical,

unbiased optimization of the system design thatwshamprovement over

conventional powerplant design rules

This section has presented a method for multidiseipy design and optimization

of a fuel cell powered unmanned aerial vehicle. e Tdesign tools developed as a
component of this research effort allow for the pamson of the effectiveness of an
integrated aircraft/powerplant design method verauslisintegrated powerplant and
aircraft design method that uses subsystem-levsigdemetrics to guide powerplant
design. When compared to optimization towardsgstablished powertrain performance

E

%2 (Mioer)
power)/z mpower

substantial improvement in the on-design perforreasfche aircratft.

or ( ) the integrated design method allows for

m

power

metrics such as
m
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Hypothesis 2.2 Fuel cell systems designed using an applicatidegrated design

process can improve the performance of the airgg$tem relative to the state of the

art surrogate design metrics

The design of fuel cell systems for automotive tatisnary or stationary
applications incorporate design rules that may ay mot apply to the new application of
aviation. This study has allowed for the direcinparison of fuel cell powerplants that
incorporate the conventional design rules regartisgnce of plant sizing to those where
the rules are derived via multi-disciplinary optraiion. Results show that the aviation
application places unique requirements on the éedll system that makes the optimal
fuel cell system design very different than theartional systems. In addition, the
integrated design of the fuel cell, balance of pldrydrogen storage, powertrain and
airframe allows for the assessment of design triéslamong these components.
Additional results show that there exists a nunddesiable and high performance

fuel cell unmanned aerial vehicle configuration8. baseline long-endurance fuel cell
powered UAV is designed. The baseline configuratior this study is a high wing
monoplane driven by traction propellers. The pghset is a hydrogen/air polymer
electrolyte membrane fuel cell which powers electriotors. Hydrogen is stored on
board the aircraft using a variety of presentlyilabde technologies. The proposed
mission is a low-altitude, long-endurance statignanbit. The design includes a small,
low-power payload representing remote sensing arimmunications equipment. The

design sensitivity and robustness of the baselstgd is assessed and discussed.
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CHAPTER 6
ENERGY MANAGEMENT AND SUPERVISORY CONTROL

OF FUEL CELL POWERED AIRCRAFT

6.1 Introduction

Hybridization has been proposed as a means to wepie performance of fuel
cell powerplants for aircraft [41,94,120]. In geale hybridization can allow the power
and energy demands of the fuel cell system to blated from those required of the
aircraft. For example, a hybrid aircraft that mansition from cruise to climb can do so
with the assistance of stored energy from an enérgfer. Decoupling the aircraft
power demands from the fuel cell power demands Ieagible to improve the efficiency
of the maneuver by allowing the fuel cell powerplao maintain operation at near
optimal conditions. Other means of improving theergy management of an aircraft
through hybridization such as regenerative winding| regenerative solar energy
capture, and accessory load electrification arecansidered in this study.

Aviation flight path optimization is an importaméd well developed field whose
goal is the derivation of control strategies to ioye the endurance or range of a variety
of aircraft [96,98,99]. A majority of the studie$ optimal periodic control have focused
on gas turbine or internal combustion engine polaetp. For fuel cell powered aircraft
it has primarily been considered in the contextshefmal soaring for range extension

[41], and diurnal flight paths for solar powerectlfeell aircraft [92,121]. In this study
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we consider the more general problem of evaluatirg effectiveness of flight path
optimization for range and endurance optimizatiath@ut external energy inputs.

In this work, energy management for hybrid fuell @afcraft and flight path
optimization for fuel cell aircraft are evaluateddimulation for their effect on the flight
performance of a fuel cell powered aircraft. Twamdinear programming algorithms are
implemented in order to determine the effectivenssd characteristics of an optimal
energy management strategy for fuel cell poweredraft. First, a dynamic
programming algorithm is proposed with reduced ordeodels of the fuel cell
powerplant, aircraft dynamics and energy consumptidNext, a sequential quadratic
programming routine is used to evaluate the pdgyilaf extending endurance of fuel
cell powered aircraft using flight path optimizatio Simulation results with the optimal
control strategies are presented for a varietyasfegic fuel cell aircraft missions. For
comparison, optimal flight paths and energy managenstrategies are derived for an
example aircraft powered by an internal combusgagine. Discussion focuses on an
efficiency comparison of hybridization to flight ghaoptimization and a discussion of

regimes of effectiveness for both strategies.

6.2  Problem Formulation

The aircraft that are under consideration for thigdy are represented by a
simplified model. Simplifications to the aircrafhd powerplant models are applied to be
able to isolate the phenomena of interest, spedlfigeneralizeable and long period

energy management behavior.
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6.2.1. Aircraft Characteristics

To simply the problem of flight path optimizaticime aircraft is constrained to a
flight path in a vertical plane. The aircraft &t turns nor banks. Using a flat earth

coordinate system the equations of motion of theraiit are as follows [1].
h=vsing (36)

Tcosa- D .
v=————- gsing (37)

Tsina+L ¢
=——-=co
vIr

¥ (38)

Aircraft lift and drag are defined as:
1 5
L= 2 rv SW(CLa xa +CLO) (39)

1 5
D =§ rv SN(CD,a *xa +CD0) (40)

The coefficients of lift and drag vary as a funaotiof angle of attack. The mass
and aerodynamic characteristics of the aircratispnted in Table 15, are derived from a

fuel cell powered aircraft design study conductgdhe authors [16].
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Table 13. Low fidelity aircraft model characteristics for energy management studies

Aircraft Model

Characteristic Value
C.. 0.0979
Co 0.4818
Co.a 0.0029
Coo 0.0229
S, 1.078 nf
m 12.51 kg
d 0.521'm
p 0.3683 m

6.2.2. Fuel Cell Powertrain Modeling

The fuel cell system is the primary power sourcetifie fuel cell aircraft. A fuel cell
is a direct electrochemical conversion device tt@iverts reactants into products and
electrical power. The fuel cell powerplant is miedieas a static polarization curve that
represents the performance of the fuel cell stauk lbalance of plant systems. The
performance of the fuel cell used in this studyb@&sed on direct hydrogen polymer
electrolyte membrane fuel cell technology. Thisdgt assumes that the hydrogen
reactant for the fuel cell powerplant is stored lmard the aircraft in a compressed
pressure vessel, and that the oxygen reactanpfdied from ambient air. The hydrogen
consumption and fuel cell LHV efficiency as functsoof fuel cell output power for the
fuel cell system is shown in Figure 43 and Figude & hese curves are based on fits to
experimental system test data. They include thectsf of plant energy consumption,
hydrogen utilization, varying cathode stoichiomediryd other static system loads. The
fuel cell system output power is calculated asptueluct of fuel cell system voltage and

current:
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Prc =Vic X e

(41)

The LHV efficiency of the fuel cell is the ratio &fiel cell output power to the heating

value of the hydrogen flow into the system.

Pec
Ouav Wy,

hLHV =

(42)

35
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Figure 43. Fuel cell hydrogen consumption model
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- Experimental Data
— Model Fit
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Figure 44. Fuel cell efficiency model

The dynamics of the fuel cell stack and balancplaft are not modeled as they are
assumed to take place at a frequency much greéwterthe bandwidth of the aircraft and
energy management controller.

The aircraft electric motor is modeled using a $efaperceptron neural network
surrogate model trained using experimental datan fdynamometer motor testing. The
neural network model outputs the efficiency of éhectric motor and motor controller as
a function of output torque, input voltage and nnatatational speed. A subset of the
electric motor surrogate model behavior is showrrigure 45 and Figure 46. Motor

efficiency is calculated as the ratio of mechanwaldput power to DC electrical input

power:

h - WMOTOR >TMOTOR
MOTOR

(43)

VFC Xl MOTOR
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Figure 46. Electric motor model training data set
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Figure 47. Propeller thrust coefficient model
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Figure 48. Propeller torque coefficient model
The propeller model is used to relate the electrator torque to the aircraft thrust.

The thrust,T, applied to the aircraft is defined by,

T=r 2 g
ro, 4G (44)
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The propeller torqueQ, to be applied to the electric motor is determirigmin the

software propeller model using the relation:

Q=r % d5Cq (45)

Both the thrust and torque coefficien®, andCry, are a function of the propeller advance
ratioJ, as shown in Figure 47 and Figure 48. The perdmce of the propeller is derived

from wind tunnel test data [118].

(46)

6.2.3. Hybrid Energy Storage System Modeling

The hybrid energy storage system is modeled agla@al8650 lithium polymer
battery cells. The open circuit voltage and inérresistance characteristics of each
18650 cell are derived from experimental data fthm literature and are summarized in
Figure 49 and Figure 50 [122]. The battery packsisembled with each cell in electrical

series so that when current into the battery hagipe sign,

Pbatt :VOC| +1 ant (47)
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Figure 49. Lithium lon battery open circuit voltage model
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Figure 50. Lithium lon battery internal resistance model
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Figure 51. Hybrid electric fuel cell airplane diagam
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Figure 51 shows a schematic of the aircraft poveeipl Between the battery pack
and the fuel cell power bus is a power managemetéms that allows the battery pack to
discharge power to the fuel cell power bus andharge from the power bus without
requiring a matching of the fuel cell bus voltaged abattery voltage. The power
management device provides design freedom to gptwf battery bus voltage and fuel
cell bus voltage independently. The battery amel tell power sum to provide the

electrical power to the electric motor such that
Pc - Bae = F5 (48)

The battery model assumes that the battery couloefficiency is 100%, so that

the state of charge can be defined as:

dt
S 49)
The battery capacit€ = 12Ah. The battery energetic efficiency is detinby the
ratio of the electrical energy that enters the drgtto the energy extracted from the
battery at constant state of charge. The energéfficency of the battery is less than
100% because of losses from ohmic losses duringgictth and discharging that are
modeled using the battery internal resistance. fhieemal state of the battery is not

modeled.

6.2.4. Internal Combustion Engine Powertrain Modeling

In order to make a comparison between the energyagement strategies for fuel

cell powered aircraft and those of conventionakrnél combustion aircraft, we will
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repeat the analyses with an internal combustion gpplant model. The internal
combustion engine model is based on experimensdinte of the UAV engine that
powers Aerosonde [23]. The performance and effiyeof the internal combustion
engine are shown in Figure 52 and Figure 53. &higlysis assumes that the internal

combustion engine does not idle and that it careb&arted instantly.
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Figure 52. Internal combustion engine fuel consumjn model
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Figure 53. Internal combustion engine efficiency mael
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6.2.5. Energy Management Optimization Algorithms

Two nonlinear programming algorithms are used termene the effectiveness of
flight path optimization and hybridization as medasmprove the performance of the
fuel cell powered aircraft. First, a dynamic pramming routine is used to determine the
effectiveness of varying degrees of hybridizationvarying aircraft flight profiles. Next
a sequential quadratic programming routine is usecbmpare the effects of flight path
optimization on both fuel cell powered and interc@mbustion engine powered aircratft.
Investigation |

In the first part of this study, a dynamic programgnalgorithm will be used to
derive optimal battery/fuel cell power flows totasoptimize the endurance of the hybrid
electric aircraft for predetermined flight paths.The resulting optimal energy
consumptions can be compared among battery sizkflight profiles to define optimal
degrees of hybridization for fuel cell hybrid amét

The aircraft can be described with the nonlineatesy dynamics equation

S=f(Su,w) (50)
The problem is then to determine the discrete cbstrquence,
u(k),k=012..N-1 (51)
that minimizes the objective function,
N-1
3="olslk)u(k) wlk] 2

k=0

subject to state and control constraints,
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S(k)T Ws(K)1{SOG,, £Ws(K) £ SOG,,} G {Ws (0) = SOG} G{ws(N) = SOG |
U(K)T W, (K) {1y [SCK] £ W, (K) £ 1, ] S (53)

The objective functiod is a summation of the fuel consumption at eactesiék), so
that minimization of] maximizes aircraft endurance given a fixed fuetage. The fuel
consumption at each stagék) is calculated from the set of equations (25-3&%) the
data in Figures 19-29 witgk)=SOC, (k)=I, andw(k)=gas inputs. The state of charge is
constrained to remain within a recommended statehafge range wher@0G,i»=20%
andSO0G;,,=90%. The initial and final states of char@OG andSOG) are constrained
to ensure that the change in state of charge teeflight is zero. The battery current is

constrained to remain within the battery chargiongent limits (I, _ ) and discharging

bmax

current limits (.. ), which are calculated at each stage from thebastate of charge.

Investigation Il

In the second part of this study, a sequential atexdprogramming algorithm
will be used to determine the effectiveness ofhtliggath optimization for fuel cell
powered aircraft. No hybrid energy storage is amred in this part of the study. The
optimal flight path results for the fuel cell powedraircraft will be compared to results
for an internal combustion powered aircratft.

This problem is posed as an optimal periodic entigaproblem where the
periodic flight of duratiorns is split into two phases: a gliding flight phase(@), and a
powered climb phasé&#£1). The prototypical flight path is shown in FiguL.

The aircraft and powerplant systems can be destrbth the nonlinear dynamic

equation
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y=f(y,b) (54)

_ Vv
y=, (55)

a
b= . (56)

The state variablg includes the velocity of the aircraftand the flight path anglg
The control variables are the propulsive thfisind the aircraft angle of attaek The

problem is then to determine the discrete congqluence

b(k), k = 0,1' (57)
that minimizes the objective function,
k=0 t ' (58)
subject to state and control constraints,
- 0
vt w001 EW,(K)
(59)

b{k)T W, (k)| W, (K) £ a;a*

The objective functiod is a summation of the fuel consumption at eachesyék)
divided by the timef required to complete the periodic flight cycle. Before, the fuel

consumption is calculated from the set of equati@@s49) and the data in Figures 43-
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53. The aircraft velocity is constrained to remaasitive and the aircraft angle of attack

is constrained to remain lower than stall.

6.3  Fuel Cell Aircraft Hybridization Results

This section compares the optimal energy managemaitérns for hybridized
fuel cell powered aircraft by solving the problem posed in the section labeled
Investigation 1 For each flight path we will derive the optimathergy management
strategy so as to maximize the endurance of theradiirover that flight. These
investigations will allow for the assessment of #ficacy of hybridization as a means
for improving aircraft performance over a varietiyfloght profiles. The flight profiles
that will be presented here include steady levght] steady level flight with random
disturbances (as might result from the use of aopiot speed controller), a cyclic
power demand (as might result from orbiting flighth a steady wind), and a burst

power demand (as might result from a high poweeaéf.

6.3.1. Energy Management for Steady Level Flight

The flight path for this first experiment is a adg, level flight at 142W of DC
powerplant output power. The size of the battexgkps varied by changing the number
of batteries between 2 and 12. In each case, & gfficient energy management
strategy for the fuel cell hybrid aircraft is totnse energy from the battery pack at all, as

shown in Figure 54. These results are indepernafeht size of the battery pack.
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Figure 54. Optimal energy management strategy for ybrid fuel cell powered

aircraft during steady flight

6.3.2. Energy Management for Level Flight with Random Dibance

The flight path for this next experiment is a lefleht at an average of 142W of
DC powerplant output power. The literature hasashthat modern autopilot UAV flight
controllers can maintain a set airspeed againstrtisnces such as turbulence, steady
winds, and aircraft dynamics with an uncertaintyld% [123]. This corresponds to an
11.8W uncertainty in DC electric power required fbight for the example fuel cell
aircraft. This uncertainty is modeled by a powacé with random deviations about the
average cruise power of the aircraft.

As shown in Figure 55, the optimal energy managemstategy for this flight

path does not use the battery at all. Again,rissilt is independent of battery sizing.
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Figure 55. Optimal energy management strategy forybrid fuel cell powered

aircraft during turbulent level flight

6.3.3. Hybridization for Cyclical Power Missions and Lewight

The flight path for this experiment includes aleypower demand on top of the
steady state cruise power. Figure 56 shows theavi@h of the optimal energy
management strategy for this power demand cycles béfore, the optimal control

strategy for the hybrid electric system is to nee the battery power at all.
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Figure 56. Optimal energy management strategy forybrid fuel cell powered

aircraft during level flight with cyclic power demands

6.3.4. Hybridization for Missions with a High Power Clinfimllowed by Steady

Level Flight

The last flight path to be investigated represémsflight path of a UAV that has
a large climb rate requirement. The power demaslah500 second high power burst
followed by a 500 second cruise.

When the initial and final states of charge arest@ined so that the battery ends
the cycle at the same state of charge as it befjamaattery power is used until the
power demand becomes greater than the power thdtecaupplied by the fuel cell alone.
This is shown in Figure 57(a) and (b). In Figuie(8), the optimal energy management

strategy does not use the battery at all. Onlyn &gure 57 (b), when the aircraft power
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demand becomes greater than the peak power otigteéll system (270 W), will the
energy management strategy take power from theriegtin order to meet the power

demand.
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Figure 57. Optimal energy management strategy for ybrid fuel cell powered
aircraft during level flight with burst power demands and a charge sustaining
strategy

Of course, when the battery state of charge isvaltbto deplete over the course
of the cycle, the energy management strategy tatteantage of the energy available in
the batteries to lessen the load on the fuel cgditesn and reduce its hydrogen

consumption. This condition is shown in Figure 58.
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Figure 58. Optimal energy management strategy forybrid fuel cell powered
aircraft during level flight with burst power demands and a charge depleting

strategy
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6.4  Fuel Cell Aircraft Flight Path Optimization Results

This section compares the characteristics of optifiight patterns for un-
hybridized fuel cell powered and internal combustmgine powered aircraft by solving
the problem as posed in the section labétegstigation Il. The result for each aircraft
type is the optimal flight path trajectory whichdsfined by the velocity and flight path

angle during the climb and glide phases.
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Figure 60. Optimal periodic flight paths for fuel cell and internal combustion

powered aircraft
These results are presented in Figure 60. Fofuiklecell powered aircraft, the

optimal flight path for endurance is steady, leflight. Periodic climbing-gliding flight

has no positive effect on the endurance of fudl pelvered aircraft. For the internal
combustion powered aircraft the optimal flight petla periodic optimal cruise where the

flight is characterized by giim, Of 10 degrees followed by a gliding phase.
To numerically prove that the flight paths shownFigure 60 are optimal flight

paths,tFigure 61 shows that the period averagdd@uesumption for the fuel cell aircraft

is minimized when the flight path angle is zerohisTcondition corresponds to steady,

level flight.
Figure 62 shows the results of this same analymisttfe internal combustion

engine powered aircraft. The optimal flight patir the internal combustion engine
powered aircraft is the periodic climb glide pattown in Figure 60. As can be seen in

Figure 62, the optimal periodic flight path for tmternal combustion engine requires a
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flight path angle during climbg{in,) of 10 degrees to minimize fuel consumption. This
corresponds to a climbing speed of 16.7 & gliding speed of 12.6 m*sa gliding

angle of -2.47 degrees, and a climbing/gliding duytgle of 15.8%.
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Figure 61. Fuel consumption versus flight path ang! for fuel cell powered aircraft

undergoing periodic flight
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Figure 62. Fuel consumption versus flight path ang! for internal combustion engine

powered aircraft undergoing periodic flight
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6.5 Discussion

There exists a natural connection between the s hybridization and flight
path optimization as both of these can be categdras energy management strategies.
In hybrid systems, the energy is stored as electnmical energy. In aircraft under flight
path optimization, the energy is stored as potemrergy. In both cases they are
strategies to improve the effectiveness of an afrdior a particular mission through
energy management.

The results of bothnvestigation land Investigation Ilshow that hybridization
and flight path optimization do not improve thei@fincy or endurance of fuel cell
powered aircraft as they do for internal combuspowered aircratft.

These results suggest that if one were to corsauleybrid electric fuel cell
powered aircraft, the aircraft efficiency would nbe improved through energy
management or flight path optimization. Insteaal plerformance of the aircraft might be
improved by allowing the batteries to provide takgmwer and designing the fuel cell
powerplant for maximum endurance, unassisted byhyiaid system. To test the
tradeoff between the improved efficiency of the tgtzed aircraft fuel cell powerplant
and the increased weight of the hybrid system corapts, we can use the design tools of

Chapter 5.

6.6 Hybrid FCUAV Design Example

A hybrid, charge-depleting, fuel cell powered aiftris designed that uses the
battery system for takeoff and uses a fuel cellldog endurance cruise. The aircraft is
designed by optimizing the aircraft for endurancth\a reduced fuel cell powered climb

rate. To deliver the 700W of power required tontdiat 120m/min, 2.35kg of the 18650
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lithium polymer battery cells are added to the raiittmass. The architecture of the
aircraft powerplant is shown in Figure 51. So@sltow comparison with the fuel cell
powered UAV designed at the conclusion of Chapteth® hybrid aircraft is weight
constrained to less than 20kg, climbs at 120 mamih carry a 1 kg, 15W payload over a
maximum endurance mission.

Table 14 compares the design characteristics andrp@nce of the fuel cell
powered aircraft and the fuel cell hybrid aircraecoupling of the climb rate constraint
from the endurance requirement allows the fuel leghirid aircraft to show much higher
endurance than the conventional fuel cell poweredVU Of course, the energy
limitations of the batteries only allow the airdred climb for 18 minutes to an altitude of
approximately 2100m. Despite that, the reducedgpaequirements of the fuel cell for
the hybrid aircraft allows the downsizing of thelfgell and the upsizing of the hydrogen
tank. These effects work to increase the endurahtdee aircraft from >22 hrs to > 47.5
hours.

Table 14. Fuel cell aircraft and hybrid fuel cell arcraft comparison

Fuel Cell Fuel Cell

Aircraft Characteristic Powered Hybrid
Aircraft  Aircraft
Endurance, hrs 22.1 47.7
Climb rate, m mift 120 120
Payload mass, kg 1 1
Payload power, W 15 15
Hybrid battery mass, kg 0 2.35
Wing span, m 4.38 5.55

Powerplant and Energy Storage

Specific Energy, Wh Kg 340 561
Hydrogen tank mass, kg 4.1 8.1
Number of fuel cells 50 31
Fuel cell active area, ¢ém 35.8 35.1
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6.7 Chapter Conclusions
This section of the research effort has allowedouaddress research question 3,

which is restated here:

Research Question:3Vhat are the conditions where optimal fight patanagement and

hybridization can improve the design performanctuef cell powered aircraft?

The results of this work show that energy managémamd flight path
optimization is ineffective for fuel cell aircrafierforming conventional steady long-

endurance flight.

Hypothesis 3.10ptimal energy management of a fuel cell powexiecraft will not

improve the performance of fuel cell powered aifcra

In fact, energy management and hybridization ofl foell aircraft work in
unanticipated ways. The inclusion of a hybrid &attsystem does not improve the
endurance or range of the fuel cell aircraft, giadixed design and mission. There is no
mechanism for the hybrid power system to improve #fficiency of the fuel cell
powerplant during cruise. Instead, the hybridaatallows for the decoupling of design

requirements for the climb and cruise flight phaskthe long endurance aircraft.
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CHAPTER 7
DEVELOPMENT AND EXPERIMENTAL CHARACTERIZATION

OF A FUEL CELL POWERED AIRCRAFT

7.1  Introduction

This section describes the characteristics andpaence of a fuel cell powered
unmanned aircraft constructed to allow for validatof the design methods and model
presented in previous chapters. The aircraft featla 500 W polymer electrolyte
membrane fuel cell with full balance of plant andmpressed hydrogen storage
incorporated into a custom airframe. Details rdgay the design requirements,
implementation and control of the aircraft are preed for each major aircraft system.
The performances of the aircraft and powerplanttaadyzed using data from flights and
laboratory tests. The efficiency and component grosonsumption of the fuel cell
propulsion system are measured at a variety ditflignditions. The performance of the
aircraft powerplant is compared to other 0.5-1 kdals fuel cell powerplants in the
literature and means of performance improvementttt aircraft are proposed. This
work represents one of the first studies of fudl pewered aircraft to result in a
demonstration aircraft. As such, the results & ttudy are of practical interest to fuel

cell powerplant and aircraft designers.
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Figure 63. Fuel cell powered aircraft constructed dr validation of design
methodology

Based on the results of the previous sections isfdissertation, there exists a
need for a comprehensive, documented developmeahtparformance analysis for a
larger-scale fuel cell aircraft. To work towartisstgoal, the George Woodruff School of
Mechanical Engineering, the Georgia Tech Reseanstitute and the Aerospace Systems
Design Laboratory at the Georgia Institute of Testbgy Daniel Guggenheim School of
Aerospace Engineering have designed and built ébknblogy demonstrator fuel cell
aircraft shown in Figure 1. The aircraft itselfngvel as it is the largest fuel cell aircraft
yet developed that is fueled by compressed hydragehthe largest fuel cell aircraft
whose design and test results are in the publicaslem

This aircraft can serve as a platform for developtmend testing of fuel cell
powerplants for aircraft and as a tool for validatiof system design models and
methodologies. The demonstrator aircraft is desigio comply with the specifications
of the Academy of Model Aeronautics. This sethi@aximum mass constraint for the

aircraft at 24.9 kg and functionally limits the@aft to testing at model aircraft runways.
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This scale simplifies the licensing of the aircraftd is appropriate for an academic
demonstration project.

The aircraft design was broken down into high-lesehceptual and low-level
detailed design tasks. The aircraft conceptualgdewas performed by assembling a
series of contributing analyses into a higher lesietulation of the fuel cell aircraft
performance. The performance simulation is pararneetd within a defined, discritized
design space to allow variation in the aircraft fogurations and subsystem
specifications. Because of the high computatitoed associated with characterizing the
design space, simplifying assumptions are buiti the contributing analyses. Validation
of the conceptual design is critical for ensuring éffectiveness. A more detailed
breakdown of the conceptual and low-level desigkdas provided in references [12,14].
The aircraft was constructed based on the restttealetail design.

This section presents the low-level specificatiand performance characteristics
of the demonstration aircraft and its power andoplsion systems, as constructed. The
fuel cell powerplant system design and aircraftigtesare presented with performance
data that show the interaction between the fuélp®herplant and vehicle. Flight and
laboratory testing results are presented and me&mnserformance improvements are

discussed.

7.2  Powerplant System Description

For the demonstrator aircraft, the fuel cell is ty source of propulsive power.
The fuel cell powerplant designed for use in thendestrator aircraft is composed of the
fuel cell stack, thermal management, air managementl hydrogen storage and

management subsystems, as shown in Figure 64.e Bubsystems are controlled by an
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ATMEGA32, 8-bit AVR microcontroller module (Atmeg&an Jose, CA) that functions
as both the powerplant controller and the airatata acquisition system.

A summary of the powerplant characteristics as trtooted is presented in Table 15.
The balance of plant configuration shown in Figére which includes a dead-ended
anode, liquid cooling, pressurized cathode andr@cir flow control, was chosen so that
the powerplant incorporates the same subsystemsatbaequired to control PEM fuel
cell systems of much higher power. Although theeefael cell systems with comparable
power output that are passively controlled or ipooate simplified balance of plant
systems, using a more complete balance of plantrowes the applicability and
generalization of the design tools developed assldes learned for this project.

The following sections describe the componentsigdesnd specifications of the fuel
cell powerplant subsystems.

Table 15. Fuel cell system characteristics

Powerplant Specification Value

PEM Fuel Cell Stack

Number of Cells 32

Cell Active Area 64 crh

Operating Temperature 60 C

Mass 4.96 kg
Hydrogen Storage

Storage Pressure 31 MPa

Capacity 192 SL
Powerplant System

Peak Output Power 465 W

Specific Electrical Energy 7.1 Wh/kg

Specific Electrical Power 52 W/kg
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Figure 64. Fuel cell powerplant diagram

7.2.1. Fuel Cell Stack

The fuel cell stack converts the chemical energytofed hydrogen and ambient
oxygen to electricity. The fuel cell powerplant the demonstrator fuel cell aircraft is
derived from the 500 W 32-cell PEM self-humidifiedydrogen-air fuel cell

manufactured by BCS Technology Inc. (Bryan, TX).plAotograph of the fuel cell stack
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is shown in Figure 65. The fuel cell uses memsdnam De Nora Inc. (Somerset, NJ)
and a proprietary membrane electrode assembly ptioduprocess designed to improve
the water carrying capacity of the membrane [1Zfhe active area of each membrane
electrode assembly is 64 €mThe graphite bipolar plates incorporate a trg#epentine
flow channel design, and liquid cooling chann€el$ie fuel cell endplates are of a custom
design to reduce the weight of the fuel cell angitoplify its mounting in the aircraft.
The fuel cell stack performance without balanceplaint loads is shown in Figure 66.
The modifications to the stack that were requiethtorporate the stack into the aircraft

have no measurable effect on the electronic resistar electrochemical performance of

the stack.

Figure 65. Customized 32-cell fuel cell stack
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Figure 66. Fuel cell stack polarization curve

7.2.2. Temperature Control System

The purpose of the temperature control system mdmtain the temperature of
the fuel cell stack within a range dictated by thel cell performance. When the fuel
cell temperature is too low, the activation and srtaansport overpotential is high. When
the fuel cell temperature is too high (greater trepproximately 65 C), the self-
humidification function of the fuel cell begins bweak down. The lack of liquid water

decreases the protonic conductivity of the fuel oe¢mbrane, degrading performance

[125].
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A liquid cooling circuit circulates deionized watdrough the fuel cell, water
pump and radiator. There is no contact between¢i@nized water of the cooling circuit
and the fuel cell reactants or product water. Waér pump (Laing DDC, Chula Vista,
CA) circulates 1.5 L/min of water at the pressurepdof the fuel cell, radiator and
couplings.

The fuel cell radiator is constructed of interndiigned aluminum tubing with
carbon foam (Poco Graphite, 0.56 g/cc) providing #ir to aluminum interface. A
photograph of the radiator is shown in Figure @he carbon foam is cut into banks of
fins and is pressed to the aluminum tubes. Aimftbe outside of the aircraft fuselage is
ducted through the radiator by an 80 mm diameteYy 3Jan. The carbon foam is
continuously wetted with the fuel cell product watie enable evaporative cooling of the
radiator. Development of the custom carbon foadmatar resulted in a weight savings
of 500 g and a power savings of 12 W when compaoedonventional aluminum

radiators.
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Figure 67. Carbon foam radiator as implemented in émonstrator aircraft

7.2.3. Air management system

The air management system provides filtered andsprezed air to the cathode
manifolds of the fuel cell with variable flow rat®ntrol. Variable flow rate control is
particularly important in a self-humidified fuellceystem because of the risk of under-
humidification at low current densities . For thelf-humidified fuel cell, there are no
humidification requirements for the reactant gaaed the air enters the fuel cell at the
ambient humidity ratio.

The 0.3 bar cathode pressure is regulated withlibrated, spring loaded, ball

check valve (Microchek 14B14B-5psi, Lodi, CA). ®aeate is controlled by pulse-width
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modulation of two diaphragm compressors (T-Squavisthufacturing T202, Lincoln

Park, NJ). These compressors are powered frorfugheell bus voltage. By using two
compressors, and turning one of the compressor&logh low flow is required, higher
high flow rates and lower low flow rates are achiae than is possible with a single
compressor. Figure 68 shows the cathode stoichrameatio provided by the

compressors as a function of the fuel cell outputrent. A cathode stoichiometry
between 2.0 and 3.0 is recommended by the fuehtatiufacturer. For fuel cell system
currents over 12 A, both compressors are used. etJhd A, only one compressor is
used. For fuel cell system currents under 5 A,flbw rate is constrained by the idle

speed of the compressor, and the recommended istoietry cannot be achieved.

. One Compressor
7 at Idle
6 One
Compressor
: Oper&‘u& Two Compressor
Operation

Cathode Stoichiometry
=

\

Recommended Cathode
Stoichiometry

0 3 10 15 20 25
Fuel Cell System Output Current (A)

Figure 68. Cathode stoichiometry as a function ofuel cell system output current
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7.2.4. Hydrogen Storage/Management System

For the demonstrator aircraft, hydrogen is storadboard of the aircraft in a
carbon fiber/epoxy cylinder with aluminum tank linfLuxfer Gas Cylinders PO7A,
Riverside, CA). The hydrogen tank has an intemoéime of 0.74 L. Two inline single-
stage regulators (Pursuit Marketing Inc., 40610s Blines, IL and Airtrol Components
Inc., ORS810, New Berlin, WI) regulate the hydrogtorage pressure of 310 bar down
to the anode manifold delivery pressure of 0.3 barsolenoid purge valve (Asco Valve
Inc., 407C1424050N, Florham Park, NJ) opens pealyi to purge water and
contaminants from the anode flow channels. Thegeguaycle period is an experimentally
derived function of the fuel cell output currentdais designed to maximize the voltage
stability and hydrogen utilization of the stack.heTl purge cycle pulse width is 0.2
seconds. Figure 69 shows the experimentally medsdiynamic behavior of the
hydrogen flow rate and anode pressure during purdg@essure and flow rate are
measured using an inline flow meter (Omega Engingdnc., FMA-1610A, Stamford,
CT). The pressure droop during valve opening &edotvershoot after valve closing are
due to the regulator dynamics. Figure 70 showstfigogen utilization as a function of
the fuel cell system output current. The hydrogglization is defined by the ratio of the
purge hydrogen flow to the total hydrogen flow. cBese the hydrogen purge cycle
period is only a weak function of the current outmf the fuel cell, the anode
stoichiometry varies as a function of output cutrefihe peak hydrogen utilization of the

stack is 90% and occurs at peak current.
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7.3 Aircraft Description

The demonstrator aircraft is designed as a proaootept without a defined
payload or endurance requirement. The primaryionssof the aircraft are to reliably
demonstrate fuel cell powered flight, and gathghkgquality repeatable data regarding
the function of the aircraft and fuel cell systems such, the main requirements of the
aircraft are robust flight performance, high stiypind fast landing to takeoff turn
around time. Even these broad performance regem&mplace limitations on the
conceptual design of the aircraft. For instanaeding gear are used for the demonstrator
aircraft despite their added weight and drag bex#usy allow the aircraft to be reliably
landed and redeployed without repair or reconfigona

The following sections describe the design requéaets, and specifications of

important aspects of an aircraft designed for uisle afuel cell powerplant.

7.3.1. Aerodynamics

To maximize the performance of the aircraft, therait aerodynamic design is
optimized by maximizing the propulsive efficienciytbe fuel cell aircraft at cruise while
applying design constraints on bank angle, climie rand stall speed. These
requirements push the aircraft design towards &wdesith high wing area and high
aspect ratio. Table 16 lists some of the aerodymaiesign characteristics of the

demonstrator aircraft.
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Table 16. Specifications of the demonstrator aircrit

Aircraft Specification Value
Wing Area 188 drh
Aspect Ratio 23
Wing Span 6.58 m
Tail Area 45.5 drh
Length (nose to tail) 2.38m
Mass 16.4 kg
Propeller Diameter 55.9 cm
Propeller Pitch 50.8 cm
Static Thrust / Weight 0.165
Cruise Airspeed 14.5 m/s

The wing is made up of a SD-7032 airfoil with vamyitaper and twist. The SD-
7032 was chosen as compromise between high ldtag ratio, high thickness ratio and
excellent stall characteristics. Because the weidithe aircraft is dominated by the
weight of the fuel cell system, the structural Wweigenalty that goes along with high
wing area and aspect ratio is overcome by the ingatdifting surface efficiency. The
constraint on wing planform aspect ratio is set dyminimum Reynolds number
constraint of Re=275,000 for the SD-7032 airfollo improve the span efficiency, taper
and linear washout is added to the outer secti@ach wing.

A two view drawing of the demonstrator aircraftskown in Figure 71. The
demonstrator aircraft utilizes a pusher propellesigh since a more aggressive rear
fuselage taper can be facilitated with a pushergdesAerodynamic simulation of the
entire aircraft shows that the increased rear tapproves the aircratft lift to drag ratio by

roughly 8%.
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6.58m

Figure 71. Two view drawing of fuel cell powered dmonstrator aircraft

7.3.2. Aircraft Structures

The demonstrator aircraft is constructed from ailt@h6061-T6 aluminum space
frame with a roll-wrapped carbon fiber tubular spdihe tail booms are constructed of
roll-wrapped carbon fiber tubing, bonded to therspigh aluminum lugs. The fuselage is
a non-structural fairing of fiberglass and Nomexéycomb (Hexcel, Stamford, CT)
construction. The wing and tail surfaces are balsseted polystyrene foam, covered
with adhesive film (Monocote, Hobbico Inc., ChangrgilL) The main landing gear are
machined out of 6061-T4 aluminum and the front geaonstructed of tubular fiberglass

with a machined 6061-T6 fork.
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7.3.3. Stability and Controls

Because the fuel cell aircraft has a much lowergraw weight ratio compared to
conventionally-powered small aircraft, the fuellcd¢monstrator is designed for low-
speed, stable, level flight with slow maneuveririthis corresponds to a stability number
of 1 on the Cooper-Harper scale. The roll stabiit the aircraft is set by incorporating
polyhedral into the outboard section of the wilRjtch and yaw stability is set by the size
and angle of the “inverted vee” tail. Flaps areluded to slow the aircraft for descent

and landing.

7.3.4. Propulsion System

The propulsion system of the aircraft includesdleztric motor, motor controller
and propeller. The fuel cell provides power to pnepulsion system at the fuel cell bus
voltage. The aircraft is propelled by a singlec&#le motor and propeller in a pusher
configuration. Many of the components of the pisjan system are commercial off the
shelf components, but they are specified and coeabio maximize the efficiency of the
aircraft at cruise.

Generally, the efficiency of the propulsion systémereases with increasing
propeller diameter and increasing advance rati6][1Zhis pushes the propulsion system
design towards large diameter propellers with hogfch that are turned by a slow-
spinning, high torque motor. Propulsion systemigies along this axis are only
constrained by the current capacity of the fudl pelverplant.

The propulsion electric motor (Hacker GmbH, C-50X@3 Niederhummel,
Germany) is a brushless, air cooled motor and purates a 6.7:1 planetary reduction

between the motor and the propeller. The propapecified is a 22 inch (56 cm)
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diameter solid carbon-fiber two-bladed propelletrva pitch of 20 inches (51 cm) (Bolly

LLC, 22x20, Elizabeth West, South Australia).

7.4  Aircraft and Powerplant Performance

Because of the low specific power of small scalel fcell powerplants, the
performance of the fuel cell demonstrator aircrafpower limited. The performance of
the aircraft is therefore highly dependent on tleeght and drag of the aircraft and on the
performance of the fuel cell powerplant. In thestion, the performance of the aircraft
and power plant systems are analyzed using teatgithered from the demonstration

aircraft.

7.4.1. Aircraft Weight Breakdown

Figure 72 shows the measured weight breakdown eoffukl cell demonstrator
aircraft. The fuel storage and propulsion systefghe aircraft accounts for roughly
57% of the total aircraft weight. For all fuel kcaircraft designed or constructed to date,
including this aircraft, the weight of the aircradtdominated by the weight of the fuel
cell and balance of plant [18,34,46-48,88]. Foaben fuel cell aircraft this effect occurs
because many fuel cell components are heavy at swhall scale. For instance, the
hydrogen tank used for the demonstrator aircratt486 hydrogen by weight. At larger
scales, it is possible to manufacture tanks that 2% hydrogen by weight [25].
Commercially available fuel cell systems at the 30Gcale are not generally intended

for mobile applications, and are therefore not Wwemptimized.
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Figure 72. Weight breakdown for the fuel cell demostrator aircraft

7.4.2. Flight Testing

Flight testing is an integral part of the projeethuse it allows observation of the
fuel cell powerplant under real-world operating @dibions, it provides a functional test
for all of the aircraft systems, and it allows final validation of the models and
assumptions used during design. Figure 73 showee suf the data collected during a
short, high-performance circuit flight test. THmglft test is divided into taxiing (0-27
sec), climb (27-72 sec), descent (72-110 sec) amdirhg (110-160 sec) sections. During
the beginning of the taxi section, the airspeed atithide are within measurement error
of zero and the fuel cell is at its idling conditioAt 10 seconds, the pilot begins to take
off and the fuel cell goes to its maximum powerditon. The aircraft accelerates and
takes off. As the aircraft climbs, the airspeed aititude increase as the fuel cell

powerplant provides peak power. At the time ofs@8onds, the pilot lowers the motor
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command and the aircraft begins to descend. Atoxppately 110 seconds, the aircraft
touches down and coasts to a stop.

Figure 74 shows the behavior of the aircraft poverpduring a typical straight-
line test flight. This data set is from a shontaght-line flight test of 80 seconds duration
and 1200 m distance. The purpose of this testtfligds aircraft trim and cruise testing.
At the beginning of the flight, the aircraft is steary on the airfield and the fuel cell is
in a low-power idle condition. At a time of 3.7ceads, the pilot begins to ramp up the
current command and the propeller speed increases the idle condition. The full-
power propulsion system current and voltage ishedat 5.2 seconds. The air supply
compressors are then controlled to supply theirimasn airflow during the takeoff and
climb portions of the flight test. At a time of 48conds, the aircraft stops its high power
climb and begins to cruise. The aircraft cruisas8&d.0 seconds and begins to descend

and land after the 57 second mark.
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Figure 74. Representative flight test results fordel cell powered straight-line flight

7.4.3. Component Power Consumptions

A number of points are labeled on Figure 74. Theseditions represent the
primary modes of use of the fuel cell powerplanttie UAV application. Point 1
corresponds to the idle condition. Point 2 is ghhpower condition that occurs during
climbing and acceleration. Point 3 is the nominalise condition. In each case the
performance and efficiency of the powerplant sutesys have been measured and
analyzed in greater detail using the results dfight, bench-top and wind tunnel testing

[118]. These results are presented as Sankeyadnsgn Figure 75. Uncertainty analysis
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is performed using the methods of Kline and Mc@igkt [127] and uncertainties are
represented using standard deviations.

At the idle condition the fuel cell is only prodagi the power required to idle the
balance of plant and aircraft controls, as showRigure 75. Almost no net electricity is
produced by the fuel cell powerplant as the stangyer of the propulsion system is
less than 1W. The input to the fuel cell powerplisnt.26 Standard L/min of hydrogen
gas. This flow has a lower heating value (LHV) @72N. As shown in Figure 75, the
primary source of losses for the aircraft at idiethe anode purge. The time averaged
LHV of the anode purge flow is 168 W. Very littléeetrical power is generated by the
fuel cell because very little electrical powereagjuired to run the balance of plant at idle.
Only Compressor 1 is rotating to provide air to thel cell stack. This reduces the
amount of power consumed by the fuel cell balariggamt to only 26 W.

During the acceleration and climb phase, Point ZFigiure 74, the fuel cell
powerplant is producing near its maximum powerstaswvn in Figure 76. The LHV of
the input hydrogen flow is 1197 W, and the hydrogglization of the fuel cell is >88%.
The net output power of the fuel cell powerplanBZ3 W out of a maximum fuel cell
output power of 465 W. The efficiency of the etextmotor and motor controller is 74%
and the efficiency of the propeller is 70%. Thaadéhcy of the propeller is relatively low
because of the low speed of the aircraft and lowaade ratio at this flight condition.
This leads to a relatively low propulsion systelfficedncy of 14%.

Finally, at the cruise condition, the aircraft i®lding steady altitude of
approximately 10m and a steady airspeed of 13.6 This cruise condition is faster and

at a lower angle of attack than the calculated ésglefficiency flight condition, but it is a
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condition of steady level flight achieved duringffit testing. At this condition, shown in
Figure 77, the propulsive power of the aircraf8496 of the propulsive power at Point 2.
At cruise, the electric motor and motor controlier66% efficient and the propeller is
80% efficient. When compared to the higher powendtmon, the efficiency of the

electric motor is lower because it is functionirtgadower duty cycle, and the propeller
efficiency is higher because it is functioning athmher advance ratio. The total

propulsion system efficiency from input hydrogeowilto propulsive power is 18%.

Figure 75. Propulsion system losses at the idle adition
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Figure 76. Propulsion system losses at the high pewcondition
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Figure 77. Propulsion system losses at the cruiserdition

7.5 Results and Discussion

The results of the flight and laboratory testihgw that the fuel cell aircraft has
demonstrated the feasibility of fuel cell propufsiaf small UAVs. The aircraft is capable
of high power acceleration and climb as well asadyecruise flight. Based on the
measured capacity of the on-board hydrogen tank §tndard L), the aircraft is capable

of 43 min of cruising flight. At a constant tankes, the endurance of the aircraft is
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limited by the efficiency of the propulsion systeifihe climb and acceleration rate of the
aircraft is limited by the propulsive power outmitthe propulsion system. By reducing
the losses or improving the efficiency of the prgmn system, the performance of the
aircraft can be improved for all of these metrics.

In all of the flight conditions analyzed in thesprous section, there are consistent
sources of large losses. By increasing the hydragédization to 99%, as has been
possible in other applications [128], the enduranfethe aircraft at cruise can be
improved to roughly 52 min. The fuel cell powergla another large source of losses.
The fuel cell powerplant converts 34% of the tdtgtirogen LHV to output electrical
energy at cruise and 33% at high power. This efficy is comparable to the 35% to 36%
efficiency that has been reported for other smeIMMuel cells [128-130]. The balance
of plant power consumption represents 15% of tlesgelectrical output power of the
fuel cell at cruise. This compares favorably to 2080-35% that has been reported in the
literature [129-131]. The efficiency of the electrmotor is much lower than was
predicted by the models supplied by the motor mactufer. An improved electric motor
with efficiencies closer to 80% at cruise would noye the endurance and climb rate of
the aircraft. Still the fuel to rotational energffi@ency of the fuel cell powerplant at
cruise is 18% (in terms of hydrogen HHV). Agaihjst compares favorably to an
efficiency of 13% for a 500W, 2-stroke combustiamgi@e (in terms of the HHV of
octane) [22,43]. The fixed pitch propeller reqaige compromise between the propeller
efficiency during low speed climb and during cruideor this aircraft the propeller was
chosen to maximize efficiency at cruise. A variapliech propeller would allow for

higher efficiency at both the cruise and high poflight conditions.
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7.6  Conclusions

Fuel cell aircraft are an important application foel cells because fuel cells are
an enabling technology for very long-enduranceraftc To date, nearly all of the
investigations into the design, construction, aediggmance of fuel cell aircraft have
been primarily high-level and conceptual. The tamttion and experimental evaluation
of a fuel cell aircraft has enabled the validatiohdesign models using real-world
performance data in addition to the evaluation gnedemonstration of a new class of
fuel cell vehicle. The results of this study haalecady been extended to studies of
larger, more utilitarian, and much longer enduraaiceraft.

The fuel cell demonstrator aircraft incorporates5@0 W PEM fuel cell
powerplant with an advanced balance of plant inolgidvariable cathode flow rate
control, liquid cooling, self-humidification and wable period anode purging. The
aircraft structure and aerodynamics have been dedighcorporating the opportunities
and constraints of the fuel cell powerplant. Ojatation of the aircraft and propulsion
system has produced a stable and efficient expatahglatform for evaluation of the
fuel cell aircraft concept.

Low level analysis of the performance and efficieacof the powerplant and
propulsion components have allowed for identificatof the sources of losses within the
aircraft systems. A comparison of the propulsigstam performance to the state of the
art highlights mechanisms for improving the airtrglerformance by improving
subsystem performance.

The results of this study are very promising asr@fpof the fuel cell aircraft

concept. The fuel cell demonstrator aircraft haggzmed well in test flights and shows
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the promise of fuel cell aircraft to accomplish neugsions with improved effectiveness

and environmental performance.
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CHAPTER 8
HARDWARE IN THE LOOP SIMULATION OF A LONG

ENDURANCE FUEL CELL UAV

8.1  Introduction

This chapter presents the design, development estddsults for a hardware in
the loop simulator. The hardware in the loop satiah results provide validation data to
the validation tasks associated with Research @ue$tand Hypothesis 1.

To date, design validation and performance testingAV powertrains has been
primarily performed through flight testing. Forample, Kosmatka et al. [132], Tigner et
al. [133], Bateman et al. [134], and the preserih@s [11] have used test flights to
validate the powerplant and airframe design of qiygte UAVs. Howard et al.
performed powerplant testing using a half-scale eh¢@i35]. Compared to the flight
testing methods described in the UAV literaturediaare in the loop (HiL) simulation
can be a more effective tool for powertrain develept and model validation. Rather
than testing the components of an aircraft as by fatsembled aircraft system, HiL
replaces portions of the aircraft hardware with twafe that can emulate the
communication, kinetics and kinematics of the repthsystems. HiL testing is already
extensively used for aviation and automotive cdstsoftware development [136,137].

HiL can provide significant benefits to the desigmlibration, refinement and
evaluation tasks of advanced UAV powerplant devalept. First, the components of

the aircraft system that are modeled in softwanme loa inexpensively and repeatedly
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modified. If the propeller performance is modeledoftware, analysis of the effects of
propeller sizing can be done without repeatedly l@m@nting and testing physical
propeller hardware. Second, the components cditiceaft system that exist in hardware
can be measured and controlled in great detailta Raquisition systems that are not
flight-worthy because of weight or size can be ufmdcalibration and validation of
system performance. Third, HiL allows the aircrsyfstem to experience many of the
dynamic operating conditions of flight without endaring costly hardware. Fusible
links, translational hard stops or fail-safes castnict the state of the HiL hardware to
avoid catastrophic failure during system tuningnally, the testing conditions of HiL
simulations can be tightly controlled to allow f@peatable performance benchmarking
and system evaluation. For instance, laboratomtrob of ambient and simulated
environmental conditions can enable the standandogpthere still-air-range of the
aircraft to be evaluated without performing actilight tests.

This article presents a study of the performance foiel cell powered UAV using
a HiL system. A proposed architecture for HiL siation of UAVs is presented. The
hardware, software and interface components oHthesimulator are described. Sample
experimental results from the HiL testing of thevecotrain of a fuel cell powered UAV
completing a long endurance mission are presenthdwncertainty analysis. Discussion
of the test results focuses on a comparison ofHiteresults to static models and a
performance comparison of various electrochemicald ainternal combustion
powerplants. This study is novel in that it prasethhe experimental performance of

long-endurance fuel cell powered aircraft.
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8.2  Hardware in the Loop Simulation Architecture for UAV Powerplants

The design of HiL simulation architecture requirastradeoff between the
components of the HiL simulation that exist in veade and the components that exist in
software. Components for which accurate or scalabbdels exist can be modeled in
software. Components whose performance we wolkl thh analyze in detail can be
modeled in hardware. By combining these attribuiték allows for the efficient, cost
effective and flexible simulation of complex sysgeem

In this study, HiL simulation is used to evaluate fperformance of a fuel cell
powered UAV as it completes a specific mission.r &duel cell UAV, the integrated
powerplant and powertrain have been shown to beptivary source of aircraft
performance uncertainty during design and developnj#6]. By using the actual
powerplant and powertrain hardware during testthg, uncertainty associated with the
performance simulation can be reduced. Conversbdy,static performance of UAV
airframes is well understood and can be accuratelgeled by computer simulations
[109]. Depending on the scalability and accuraayuired of the computer simulation,
the inputs to the software simulation can come froomceptual design algorithms,
computational flow simulations or airframe fligletsts.

For this study, the proposed HiL simulation arattiiee is shown in Figure 78.
The simulation is composed of three parts: softveareulation, hardware simulation and
interface. The software simulation contains threratft flight path, as well as the models
of the autopilot, aircraft and propeller. The haade simulation contains all components

of the energy storage system, powerplant, powertiad control system, excluding the
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propeller. The interface components actuate thhdweare components and collect the
inputs to the software simulation.

The arrows shown in Figure 78 show the directiothefsignal and energy flows
between the components of the HiL simulation. it to the HiL simulation is the
desired aircraft flight path in the form of an peed and altitude as a function of time.
The error between the desired and actual flighh gatinput to the software autopilot
simulation. The output of the autopilot simulatisra “throttle” command to the electric
motor. The signal generator interface translates ¢command from the software
simulation to a TTL PWM command sent to the electnotor hardware. The electric
motor is physically coupled to both the fuel ceétick via a DC electrical bus, and to the
dynamometer via a shaft coupling. The dynamometevides the physical interface
between the simulation hardware and software. dyimamometer applies a Pl regulated
torque to the electric motor based on the torqgeadiit acquires from the propeller
simulation software. The inputs to the propellendation are the measured electric
motor rotational speed and the simulated aircrafipaed. Based on these inputs, the
propeller simulation calculates the propeller t@@und thrust. Propeller thrust is passed
to the aircraft simulation, which calculates thenayic states of the aircraft. At the top
of the diagram, the fuel cell hardware is outsifi¢he aircraft dynamics loop. The fuel
cell controller regulates the temperature of thel ftell stack by varying the fuel cell
stack cooling fan speed. The hydrogen tank regrdategulate the hydrogen pressure

delivered to the fuel cell stack.
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Figure 78. Schematic and control system causalityofv chart for hardware in the

loop simulation

8.3  Simulation Components

8.3.1. Simulation Hardware

The simulation hardware consists of the aircraftnponents that are under
experimental evaluation. For this study this ides the hydrogen tank, regulators, fuel
cell stack, fuel cell control system, and eleciriotor as shown in Figure 1. During the
HiL tests, the fueling system and fuel cell powarplare mounted to the laboratory
bench top and are electrically connected to therdtardware.

The 300W fuel cell stack (Horizon Fuel Cells H38gapore) is the only source
of electrical power for the aircraft components idgrtesting. The stack is self-
humidified, air cooled and requires only ambierthode pressure. The stack is made up
of 62 cells with 20crhof active area per cell. As shown in Figure &, fiel cell control
system controls the temperature of the stagR by dictating the speed of the cathode
supply fans fan9. This leads to a nonlinear and coupled relahgmbetween cathode
stoichiometry, membrane humidification and staakigerature. To statically quantify
the performance of the fuel cell stack before Hikting, the stack current was measured

at constant voltage for 400 samples at a samptaguency of 4Hz. Voltage steps were
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taken every 100 seconds with the fuel cell stackleunits normal thermal and
stoichiometric control. The resulting polarizatiourve for the fuel cell system is shown
in Figure 79 with a stack voltage model deriveditdhe experimental data using the
methods of Kulikovsky [68]. The fuel cell stackrtperature is controlled by the fuel cell
control system as a function of stack current. Témulting stack temperature varies
between 32°C at low current to 52°C at high current

For HiL testing, ultra-high purity hydrogen is slipd to the fuel cell using a
laboratory hydrogen source. The hydrogen is dediyéo the fuel cell anode at 34 kPa of
gage pressure. A periodic anode purge is conttdtianaintain a hydrogen utilization of
>90%. The electrical power from the fuel cell posvéhe fuel cell control system, the
aircraft flight controls (as simulated by a 12V &8 load), payload (as simulated by a
12V 120mA load), and the propulsion electric mafdeutronics 19102Y, San Diego,

CA).
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Figure 79. Measured and modeled Horizon H300 fueletl system polarization curve

8.3.2. Interface Components

The interface components provide the physical amdngunication connections
between the simulation software and the simulatimware components.

A custom signal generator is the communication eation between the autopilot
simulation and the hardware of the fuel cell poveent The signal generator consists of
a PIC microcontroller that reads RS232 serial deden the autopilot simulation and
outputs a pulse-width modulated signal to driveitipaits of the electric motor controller.
The commands to the signal generator are updatédzat

The mechanical connection between the electric mwodware and the propeller
simulation software is made using a dynamometeeldeed for this application. A

picture of the dynamometer is shown in Figure 8Dhe electric motor is held in a
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bearing-suspended mount concentric to the mot@ationtal axis. During HiL testing,
rotation of the motor mount is prevented by a strgauged beam load cell which
measures the torque output of the electric motdhe electric motor output shaft is
coupled to the absorber and a tachometer via &feegoupling. The absorber is a DC
electrical generator whose output is current cdietidoy an electronic DC load (Hewlett-
Packard 6050A, Palo Alto, CA). An analog tachomeateasures the rotational speed of
the electric motor shaft.

The bandwidth of the DC load is >1 kHz, potentiabylowing dynamic
simulation of the aircraft at very high bandwidtfor this investigation the dynamometer
is controlled at a frequency of 4Hz, appropriaterfimdeling the aircraft flight dynamics

and fuel consumption.

Figure 80. Diagram showing the dynamometer configwation and components

8.3.3. Simulation Software

The simulator software simulates the effects ofapeller, airframe and flight

controller on the powertrain hardware.
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The inputs to the propeller model are the airspietie aircraft and the rotation
speed of the electric motor shaft. The outputdhef propeller model are the thrust
produced by the propeller and the torque applietthéoelectric motor [1]. The thrust,

applied to the aircraft is defined by,

2

_ w 4

The propeller torque), to be applied to the electric motor is determifredh the

software propeller model using the relations:

2

Q=r % d°C, (61)

Both the thrust and torque coefficien®, andCy, are a function of the propeller

advance ratio,

<

(62)

¥ls

Airspeed V) is calculated from the dynamic model of the afcr
The input to the aircraft dynamic model is the #trirom the propeller. The
outputs are aircraft airspeed and altitude. Therat model assumes a flat-earth

coordinate system and coordinated turns. The mmsabdf motion of the aircraft are [1]:

h=vsing (63)

167



Tcosa- D
Ve —404//——

- gsing (64)

_Tsina+L

9
- =
N co v cosg (65)

Aircraft lift and drag are defined as:

1.2
L= 3 rveS§,C, (66)

1
D= 5 rv?S,Co (67)

The coefficients of lift and drag vary as a funotwf angle of attack.

The states of the model are the propeller speedircraft altitudeh, airspeedy,
and climb path angleg The angle of attackz, and bank anglef, are static control
parameters that are determined by the aircrattflogntroller. The propeller and aircraft
simulation are run on the control computer andtkmast and velocity of the aircraft are

updated at 4Hz.

8.3.4. Simulated Flight Path Definition

The aircraft is programmed to fly a virtual missitiat consists of four segments:
takeoff, climb, a long-endurance orbit and landinfhe simulated flight path emulates
the path of a generic long-endurance remote semsisgjon. The flight path is shown in
Figure 81.

The takeoff segment begins with the states of tteadt, h=v=g=w =0. The
aircraft attitude is fixed so tha = 7 = 0. As the flight simulation begins, the electric

motor accelerates providing thrust to the simulatecraft. An additional drag term due
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to rolling friction b, =mgG, is added to (8) while the aircraft is contact witle ground.

When the aircraft reaches the cruise velocity af #ircraft in flight, the autopilot
controller rotates the aircraft &> 0 and the aircraft simulation takes flight.

During the climb segment the aircraft attitude ¥®# so that = 0 anda = 6 deg.
The aircraft controller holds the aircraft velocitpnstant through elevator deflection,
leading to a dynamia of between 30 and 40 m/min. The aircraft climbanaltitude of
100 m before transitioning to cruising flight. Theng endurance segment consists of a
cruising flight path which circles slowly over a tatg The aircraft executes a
coordinated turn of radius 1000 m at constant 7.4 deg. The airspeed is controlled to
be constant and the motor throttle regulates dkituThe aircraft orbits over its target
until the hydrogen tank is nearly empty and thegilsethe landing segment.

The landing segment is modeled as a spiral glidiegcent from the cruise
altitude. The aircraft reaches the grodmd O at approximately the same location where

the takeoff began.
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Figure 81. Long endurance flight path
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Figure 82. Aerodynamic characteristics of the airfame under HilL test

8.3.5. Aircraft Description

The aircraft considered in this study is a fuell gelwered, propeller driven,
UAV. The airframe consists of a low straight wing mdaoe with an aerodynamic
design based on a fuel cell demonstrator aircrafthvivas successfully flown in 2006
[11]. The aerodynamic characteristics of the aiftcare modeled using a potential flow
analysis [109] with experimental corrections and @esented in Figure 82. The cruise

and climb angles of attack are chosen as a compeorbetween higher airframe
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efficiency at higher angles of attack and proximity the estimated stall point at a
fuselage angle of attack af= 9.5 deg.

A summary of the aircraft characteristics is presénnh Table 1. Compressed
hydrogen is stored on-board the aircraft in a casitpooverwrapped pressure vessel
(Carleton Technologies PN6109, Orchard Park, NY) aaaimum pressure of 31 MPa.
The propeller (Landing Products 20.5x14.5, WoodJa@4) has a diameter of 52.1 cm
and a nominal pitch of 35.6 cm. The aerodynamidop@ance of the propeller is
modeled using Goldstein’s vortex theory of propsllgi6]. The inputs to the propeller
software model are shown as a function of advarteeiraFigure 83.

A data acquisition system monitors and records tmelitions of operation of the
test equipment, hardware and software. The prahcipeasured signals with their
associated closed-loop uncertainty at cruise agegmted in Table 2. All uncertainties
are presented as standard deviations, and aregatgobusing the methods of [127]. For
the purposes of this study, the aircraft and ptepehodels are treated as deterministic

and accurate.

Table 17. Characteristics of the simulated aircraft

Aircraft Characteristic Value
Gross Takeoff Mass 12.51 kg
Hydrogen Fuel Mass 205.8 g
Powerplant and Tank Mass 7.40 kg
Cruise Lift to Drag Ratio 24

Wing Area 1.078 h
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Figure 83. Propeller performance specifications

8.4  Experimental Results

8.4.1. Flight Simulation Results

HiL testing was performed in controlled laboratonyieonment at a constant
23°C and 37% relative humidity. Cathode flow rateai constant 200 L/min for the
duration of the HiL test.

Figure 84 shows the performance of the aircraft Wward simulation as it
completes a subset of the simulated flight. Atnaetiof 0.002 hrs, the fuel cell current
increases and the fuel cell voltage decreaseseaaitttraft begins the takeoff segment of
the flight test. The simulated aircraft beginclionb after it reaches takeoff speed. The
hydrogen consumption of the powerplant increases iwditeasing fuel cell stack current.

The periodic purges of the fuel cell anode areblésas spikes in the hydrogen flow rate.
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At a time of 0.065 hrs, the simulated aircraft heached its cruising altitude of 100 m,
and the aircraft enters the cruise segment oflitjiet test. The fuel cell voltage increases
and the current decreases as the power output gfaverplant decreases to match the
cruise power of the aircraft. After the climbing filgsegment, the aircraft cruises at
steady level flight conditions.

Figure 85 shows the behavior of the aircraft powerpfar the entirety of the
long endurance flight. During the long endurancese, the aircraft flies at steady speed
and altitude. After the early voltage excursionsoagted with the takeoff and climbing
flight segments, there is a slight decrease imtleasured output voltage of the fuel cell
stack over the remainder of the test. The fudhadtage decreases from the short period
value of 46 V, to a steady state average of 39.6 Mhis result is analyzed more
completely in the Discussion section.

The actual duration of the HiL flight simulation22.75 hours. After this period,
the aircraft has consumed all of hydrogen carriedb@ard. The experimental endurance
of the aircraft for this HiL experiment is 22.75 68 hours, which includes experimental

uncertainty.

Table 18. Values and uncertainty for the primary dda acquired during testing

Nominal

Value at Total Percentage Sampling
Measured Signal Cruise Uncertainty Uncertainty Period
Fuel Cell System Current 3.56 A 0.207 A 5.82% =86
Fuel Cell System Voltage 40.04V 0.454V 1.13% =26
Motor Output Torque 0.43Nm 0.005N m 1.27% 0e6s

235.3 rad sec

Motor Rotational Speed ! 6.32rad set  2.68% 0.25 sec
Hydrogen Flow Rate 1.54 L min  0.042 L min* 2.75% 0.05 sec

174



Figure 84. Hardware simulation performance during tkeoff and climb flight

segments
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Figure 85. Hardware simulation performance during he entire long endurance

flight
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8.4.2. Powertrain Performance at Cruise

During cruise, the efficiencies of the powerplant guvertrain have a large
influence on the performance and endurance of ihaft. One of the primary
advantages of HiL testing is that detailed contysitesm tuning and data acquisition can
be performed under flight conditions. Figure 8®wh a detailed breakdown of the
power consumption and output of each major powerpdauwst powertrain component.
Each power flow is labeled with its measured or sitedlauncertainty over 10000
samples of the cruise flight segment. This isdme conditions of flight as shown in
Table 2.

The power input to the fuel cell stack is a flow gflfrogen gas. This flow has a
lower heating value of 120.1 MJ/kg, equivalent to auwerage power of 307 £ 8W.
Approximately 10% of the flow of hydrogen is reledaasreacted to the environment
from the periodic purging of the anode manifoldaeTelectrical output power of the fuel
cell is split between the payload and balance ohtpknd the electric motor. The
conversion efficiency of the fuel cell system fréwydrogen flow to DC electrical power
is 52% + 8%. The electric motor converts electrpmaver to rotational power at 71% +
4%. The propeller simulation finds that the prégrels 69% + 3% efficient at cruise,
producing 70 £ 3W of propulsive power.

HiL simulation allows for the detailed measuremerd aming of the powerplant

performance in ways that are not possible duriigdfltesting.
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Figure 86. Propulsion system losses at the cruiserdition

8.5 Discussion

8.5.1. Dynamic Powerplant Performance

Advanced UAV powerplant systems often exhibit unmodelghamics,
performance uncertainty, or tunable control systerimsthese cases, HiL testing allows
for the evaluation of system performance in eadiages of aircraft development. This
section of the discussion will discuss the unmoddigthmics of the fuel cell powerplant
during HiL simulation.

Many of the fuel cell powerplant system design stagierformed to date rely on
a static fuel cell polarization curve to represtet performance of the fuel cell stack. A
static polarization curve, such as is shown in gy contains intrinsic assumptions

regarding stoichiometry, membrane water content, i@mbconditions and stack
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temperature. The dynamic behavior of fuel celtlstas often different than their static
behavior in ways that can affect the effectivendssfael cell system design.

Figure 87 shows the voltage and current of the ¢e#ll system during the long
endurance fuel cell HIL test. At idle, the fuel cgtlhck operates at low current and 56 V
at point 1. As the aircraft accelerates and takkshe fuel-cell performance tracks the
polarization curve to the high current, low voltagmdition at point 2. Near point 2, the
aircraft is climbing and the fuel cell stack is oggeng at approximately 6.7A and 38V.
At this condition, the current and voltage of thelfcell system are higher during the HiL
test than under the static experimental test. Jinggests that the conditions of use of the
fuel cell during the HiL test are causing the fuell system to momentarily outperform
its steady state performance. It is hypothesikhatithe low stack temperature (relative to
the static tests of Figure 2) reduces the evamoratte at the cathode allowing more
liquid water to remain in the stack, reducing tleektoverpotential.

After the climb segment, the power required by theraft decreases as it enters
the cruise segment. The fuel cell system movesdoarrent of 3.2 A and a voltage of 47
V at point 3. For a short period after the highreat operation, the voltage is higher than
the modeled steady-state operating voltage of tiek ¢ell stack. This reduction in
overpotential occurs because the fuel cell staclatisa higher measured operating
temperature (see Figure 11) and higher water cotitent steady state. Over the course
of the next hours, the system settles along adfre®nstant power into an operating point
at lower voltage and higher current at point 4. sTincrease in overpotential could be
due to changes in membrane water content [138flysat oxidation [139], high

frequency current requirements from the electriganagontroller, or other uncontrolled
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effects. The voltage dynamics of the fuel cellteys under HiL testing are consistent

and repeatable, as shown in Figure 89.

Figure 87. Measured and modeled Horizon H300 fueletl system polarization curve

for a long endurance HiL test
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Figure 88. Measured fuel cell stack temperature fofirst portion of long endurance

HiL test. Labels correspond to labels from FigurelO.
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Figure 89. Comparison of fuel cell stack dynamics maong subsequent long
endurance HiL tests showing excellent repeatability

These unmodeled dynamics have a considerable effetiie performance of the
aircraft. For instance, the lower than predictextistvoltage during cruise reduces the
efficiency of the fuel cell powerplant and reducke endurance of the aircraft system.
As shown in Figure 85, the stack performs componehtbe long endurance test at a
voltage as low as 39.0 V instead of its predictelitage of 42.3 V. In the hydrogen/air
fuel cell system, the efficiency of the fuel caliak is defined as,

hstack = 7E° (68)

r~|cells
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Using (9) the efficiency of the fuel cell stack asegicted from the static
polarization curve is 54%. Under HiL testing, théceEncy of the stack is as low as
51%, reducing the performance and endurance ditheaft system.

By quantifying the unmodeled performance of thd tedl stack, HiL simulation
allows the aircraft designer to assess the real-wmelformance of the aircraft system.
In addition, the effect of unmodeled operating agbads, environmental variables, and
component degradation can all be assessed repeatdbbut constructing and testing

entire aircraft systems.

8.5.2. UAV Powerplant Performance Comparison

Conceptual studies and simple calculations haven hesed to compared the
theoretical performance of numerous electrochemieald internal combustion
powerplants in the UAV application [14,43]. The rieswf this study now provide us
with a designed, constructed and tested PEM fukpogterplant whose performance can
be used to compare the performance of UAV powerplastintdogies, using similar
results from the literature. This section of thecdssion will present a first order
analytical comparison between the performance afrafir incorporating various UAV
energy storage technologies.

Using Newton'’s laws, a simplified range equation fecanventional powerplants

can be derived where aircraft weight is constant,

_ dE
ds= ? (69)

For steady level flighfT=D andL=mg,
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(70)

A similar approach can be followed to derive a sifigdi endurance equation for

unconventional powerplants. For an aircraft atdstdavel flight,
_G
T=cW (71)

Rearranging (7) withW=L,

W %
V= W (72)

The propulsive output energy is the integral of grepulsive output power.
Under the assumption that the weight of the airatadinges negligibly over the course of

the flight,

%

'Cy W Cot W %

dt= Téf&v c (73)

E= —=W
OCL }éfSNCL

Solving for the aircraft endurance,

_ E (}éfsw)}/zCL%
e e (74)

184



To compare the range and endurance performante di¢l cell powered aircraft

to other electrochemical energy storage technotogie can compare the quantities
m

and E .
m?

To construct a comparison to the variable massnatecombustion powerplant,
we can numerically integrate (14) under the assumptif constant airspeed with
varying massm, a controllable angle of attack., and the aircraft aerodynamic
characteristics shown in Figure 5.

These comparisons assume that the airframe magbeissame for each
technology. Electric motor mass (283g), fuel massd fuel tankage mass (5% of fuel
mass) are included where appropriate. For all pdaetm propeller efficiency is a
constant 69% and for all electric powerplants, meféiciency is a constant 71%. Each
powerplant is sized to have the same take-off weaghthe HiL aircraft. For the internal
combustion engine, the payload and aircraft conp@ier is produced assuming an
alternator of 80% efficiency. The specificatiorfstloe energy storage subsystems are
from the literature or from the results of the fgell UAV HiL tests. By designing an

aircraft using these assumptions, these energwugadosubsystem performance metrics

can be translated into aircraft-level performanadrios E and _E . Equations (70)
m e

and (74) can then be used to calculate the rangjergiurance of the designed aircraft.
The first result of this analysis is shown in thestfithree rows of Table 3. The

second column shows that the specific energy oHihePEM fuel cell energy storage

system is significantly higher than the specifiemrgy of both Zinc-Air batteries and

Lithium Polymer batteries. This translates intghar aircraft performance metrics and
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higher aircraft endurance and range for the PENIdek powered UAV. In other words,

using commercially available compressed hydrogemage and fuel cell systems, a
small-scale hydrogen fueled PEM UAV can enable lorrgaege and endurance than
other electrochemical energy storage systems, dmguzinc-air and lithium-polymer

batteries. For long-endurance or long-range agiplins where electrically-powered
UAVs are preferred, the fuel cell powerplant offershighest performance.

The second result of this analysis is a comparifaine performance of the fuel
cell aircraft to the performance of the internaintustion engine aircraft, as shown in the
final row of Table 3. The comparison shows that gpecific energies, endurance and
range of the internal combustion aircraft are apipnately equal to those of the PEM
fuel cell aircraft. This result suggests that Swle of the HiL aircraft is near the
crossover point for comparing these technologiegélong endurance and long range
UAV application. Although further development will ingwe the performance of both
the PEM fuel cell powerplant and the internal contibmsengine, this analysis provides a
basis for validated comparison of powerplant hardvedrthe scale of the designed and
tested fuel cell UAV.

Table 19. Comparison of electrochemical powerplantsor long range and long

endurance missions in small scale aircraft

Calculated
Energy Storage £ E Calculated Endurance
Subsystem = — Range ¢) (t) using
Powerplant Type Specifications m m% using (70) (74)
HiL Hydrogen PEM Fuel Cell 448 DC Wh Rg 1249 Wh kg 353 Whkg? 1100 km 24.1 hr
350 DC Wh kgt
Zinc Air Battery [42] 101.4Wh kg  28.7Whkg? 894 km 19.6 hr
166 DC Wh kg
Lithium Polymer Battery [33] 48.1 Wh kgt 13.6 Wh kg? 423 km 9.3 hr
Small Internal Combustion 0.3 kg hif@105W
Engine [43] 1247 Wh kg  35.2Wh kg’ 1083 km 23.8 hr
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8.6  Conclusions

The development of advanced powerplants for UAVs willbva for improved
performance in long endurance or long range apgpmita. The successful design and
system optimization of these powerplants is highgpehdent on the reduction of
performance uncertainty early in the design pracdsd. testing allows for repeatable,
reliable and detailed evaluation of UAV powerplants waiththe implementation of
extraneous aircraft systems as is required by atrorel flight testing.

This article proposes an architecture for HiL siriola of a UAV powerplant for
system-level performance, range and endurancengestiFor this study, the UAV
powertrain hardware is embedded within the main afrctynamics loop and the energy
storage hardware is coupled to the simulation by ael@Ctrical bus. Interface between
the software simulation of the aircraft dynamics ahe& powerplant hardware is
performed by a torque- and speed-controlled dynast@mand signal conditioning
hardware. The architecture and components useithi®oHIL simulation of a PEM fuel
cell powered UAV can be adapted to a variety of elegmwerplant technologies.

Testing of the climb performance and endurance BE® fuel cell powered UAV is
performed by simulating the flight of the aircrafter a generic long-endurance remote
sensing mission. The aircraft exhibits a measetiedb rate of up to 40 m mihand a
flight endurance of 22.75 £ 0.64 hours, validatihg viability and performance of this
fuel cell powered aircraft. Measurements of the poWews within the aircraft
powerplant quantify the efficiencies and lossesaahemajor powerplant component.

With the increasing complexity of advanced UAV powanpé can come increasing

performance uncertainty. HiL simulation allows fbetquantitative assessment of the
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responses of the powerplant to the conditions of ars@ environment that will be
encountered during flight. The performance of ghhy passive fuel cell system under
real world conditions is assessed and comparedatiic shodels. The aircraft-level
performance of the PEM fuel cell powerplant usethia study is then compared to state
of the art electrochemical energy storage techmedognd internal combustion engines.
The fuel cell powerplant constructed for this stuchn outperform other available
electrochemical energy storage technologies inrkejrics for long endurance or long
range missions. Its performance in these key n®eisicomparable to the performance of

an internal combustion engine powerplant.
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CHAPTER 9

CONCLUSIONS

9.1 Conclusions

This dissertation has defined and completed a sarfetasks to address the
primary research challenges associated with the Ilngdedesign and energy
management of fuel cell systems for aircraft. Navbsystem models of fuel cell
powerplants for aircraft are shown to be validateabithin the fidelity requirements of a
proposed fuel cell UAV design process. The propaesign process is application-
integrated, optimizeable, multidisciplinary andoals for the definition of families of
high performance fuel cell powered aircraft. Thepscof the modeling and design tools
are defended through comparison to design tools siitiplified fuel cell subsystem
models and design tools with simplified applicatroodels. In each case, the full design
model shows significant performance benefits overseéh simplifications which are
representative of the state of the art. The rdiehybridization and flight path
optimization for fuel cell powered aircraft is expd and charge-depleting hybridization
strategy for takeoff is shown to be the most berafiorm of energy management for
FC UAVs.

This research has defined conceptual design regaires and tradeoffs for fuel
cell systems for small-scale aircraft. Fuel cetlwpred aircraft are an important
application of fuel cell technology with researchm@mds coming from fuel cell and
aviation industries, research institutions and gowental entities. The design studies

performed for this dissertation are novel in thHagyt are the only studies that take a
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rigorous multi-disciplinary, complex systems apmto#o the design of aviation fuel cell
systems. The tools of complex system analysigeqaired for these design problems
because advanced fuel cell systems are highly @net, inadequately modeled and
they can incorporate a high degree of uncertamtyarameters and design goals. Within
the more specific domain of aeronautical enginggrthese are the first optimization-
based studies of fuel cell powerplants for fuel pellvered aircraft. These design studies
have shows significant performance improvementsaaselable for the design of fuel
cell powerplants for aircraft through utilization dhe newly developed design
techniques. Table 20 shows a comparison betweemdisé capable published fuel cell
UAV design available at the present (the AeroVironnfauming, and the results of this
dissertation design study. The HiL fuel cell UAV thes been built and tested in
hardware outperforms the state of the art fuel aetraft in terms of endurance by more
than a factor of 2. The conceptual designs imptheeperformance of the state of art by
more than a factor of 2 again, in terms of enduganc

Table 20. Design comparison between state of thetadeveloped fuel cell aircraft

and conceptual fuel cell aircraft designs

Conceptual FC

Design AeroVironment HiL Conceptual Hybrid
Characteristic Puma[51] FCUAV [Ch.8] FCUAV[Ch.5] UAVI[Ch.6]
Powerplant Fuel Cell Fuel Cell Fuel Cell Fuel Cell
Type
Empty 9 hrs 23 hrs 25.2 hrs 47.7 hrs
Endurance
Climb Rate ? ~50 m/min 120 m/min 120 m/min
Gross Take-off
Mass 5.7 kg 12.5 kg 20 kg 20 kg
Wing Span 26m 2m 4.4 m 555 m

The work performed for this dissertation has denrateti the feasibility of the

fuel cell aircraft in concept and in engineeringgirce. The fuel cell aircraft constructed
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for this dissertation is the largest compresseddgeh UAV built to date and is currently
the only fuel cell aircraft whose design and tesults are in the public domain. When
constructed, the hardware in the loop aircraft desigfor this dissertation will be the
longest endurance fuel cell aircraft built to datdhe emphasis on validation and
hardware development will be of use to the fuel aetl aircraft communities to evaluate
the near- and long-term feasibility of fuel cel\red aircraft.

This research has refined many of the tools of dexnpystem analysis that have
been used in the design of “revolutionary” aerospaghicles, and applied these tools to
integrated fuel cell system and powerplant desifjhese tools include multidisciplinary
optimization, system sensitivity analysis, uncetiai propogation and nonlinear
programming for hybrid powerplant and flight pathtiopzation. By bringing these
techniques to stages of design beyond conceptusafrdethese research efforts have
resulted in new methods and case studies for mal@ngions under uncertainty, guiding

complex system validation procedures and demonggran-design performance.

9.2  Research Contributions of this Dissertation
The primary contributions of this dissertation presented below:
A survey of existing fuel cell powered aviation la&ure;
A set of fuel cell sub-system models that can berabted into a fuel cell
system which are application integrated, scalabdeametric, optimizeable,
validated and can be used for conceptual desifmedtell systems;
A tool for conceptual design that allows for the &sis of application-

optimal fuel cell systems. The conceptual desml ts shown to exhibit
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improvements over conventional design rules andr @sugh-system-level
optimized solutions;

A quantitative and general mathematical assessmédntflight path
optimization and hybridization for their benefitttte performance of fuel cell
hybrid aircraft;

The first published design process and flight testults for a fuel cell
powered aircraft;

An architecture for, and demonstration of hardwartieloop simulation of
fuel cell powerplants for aircraft. Test resultsnfr hardware showing aircraft
performance greater than electrochemical powerplaatsd internal

combustion powerplants at the scale of the tested UAV.

9.3 Future Work

This dissertation involves the development of adedntechniques and a deeper
understanding of the design of fuel cell systemsuioconventional applications. As
such, the models and methods developed for thesarels effort are widely applicable to
efforts other than fuel cell powered aircraft. Témphasis on long-endurance, high
energy applications is appropriate, since this msedric at which hydrogen powered fuel
cells can outperform other means of electrical g@nstorage. There are a wide number
of potential fuel cell applications that would beh&bm the advanced design techniques
applied in this work. Underwater unmanned vehickstomobiles, spacecraft and
mobile power supplies are just some of the appboatiwhere fuel cells powerplant
design and control will be strongly constrained bguirements of the application. The

development of methodologies for fuel cell systemdeling, design and optimization
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that will improve the performance of fuel cells inese other applications should be
investigated.

This research has assumed a compressed hydrogewgesttuel cell aircraft
because of the near term viability of such a sofuti A structured means for design
optimization and comparison of hydrogen storagetesys for the fuel cell UAV
application is required to facilitate cross-teclogyl performance comparisons. The next
investigations will focus on characterization forrgraetric design of the primary
technologies for hydrogen storage: compressed hgdrajas, low and high pressure
liquid hydrogen, low and high pressure metal hyelridind low pressure chemical
hydrides. Conceptual design studies will charao¢eand compare the performance of
the integrated fuel cell/lhydrogen storage/aircafstems. Proof-of-concept fuel cell

UAVs should be constructed from the most promisingesysiesigns.
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APPENDIX A
DETAIL DESIGN FOR FUEL CELL POWERED

DEMONSTRATION AIRCRAFT

This section describes the detailed design of tie¢ dell powerplant for the fuel
cell powered demonstration aircraft referenced thhowt this dissertation. The detall
design requirements for this particular aircra# defined. The details of the modeling,

design and function of the fuel cell and balancplaht systems are described in detail.

Al.1 Design Requirements Generation

The purpose of the power generation and propulsimtesn of a fuel cell-
powered aircraft is to provide energy to the propelsaccessory and payload systems
with appropriate efficiency and robustness. Thidtisae describes the requirements for
the power and propulsion system as determined thranginderstanding of the tradeoffs
present within the fuel cell demonstrator airplaesign.

As discussed above, fuel cell powerplants are cheaet! by low specific power
(W/kg). Aircraft specific power (or power-to-weighatio) is commonly used as a high-
level indicator of aircraft climb rate, bank angfmyload capability and performance.
The mismatch between the characteristics of the poam@rand the requirements of the
vehicle provides strict limits on the power consumptand weight of the powerplant
systems, so as to maximize aircraft specific powéuel cell-powered aircraft are

therefore characterized by high efficiency airframndow weight structures, high
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efficiency propulsion systems, low power payloads kEwdmargin, highly constrained
designs.

As such, an integrated design process was requiresldoessfully design a
functional fuel cell powered aircraft. The procéss design of the fuel cell powered
aircraft was broken down into a high-level, lowdily conceptual design task and a
lower-level, higher-fidelity detail design task. rdt the aircraft was designed
conceptually using high-level simulations of theceft and powerplant. An aircraft
performance metricQ) was chosen that incorporates a weighted averagj@eddircraft
takeoff distance, climb rate, range and enduranidee coefficientslf) of a 2nd-degree
response surface equation of the form:

3 3 2 3
Q=hb,+ bx+ b(xP+  blxx)

( i)\
i=1 i=1 i=1 j=2

(A1)

were fit to the aircraft performance dataset asnatfan of the powerplant design inputs
(%). These design inputs include propulsion systé#ficiency, mass, frontal area and
accessory load. This response surface equatiorelnoddhe aircraft performance was
used to communicate the design requirements ofuilecell propulsion system to the

propulsion system design task.

Table 21. Aircraft performance sensitivities to pover and propulsion system performance

Aircraft Performance Metric Sensitivities

Power and Composite
Propulsion System Takeoff  Climb Range Endurance Aircraft
Performance Distance  Rate Performance
Metric Sensitivity
System Efficiency -1.9 3.6 1.2 1.2 2.0
System Frontal 0.4 0.6 0.2 0.2 0.4
Area
System Accessory g g 3.6 ‘1.2 1.2 2.0
Load
System Mass 2.0 -2.1 -0.9 -0.7 -1.4
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Using response surface equations to communicatgrdexdjectives from the
conceptual design task to the detail design taskvalthe detail designer to understand
the high-level effect of low-level design decisionin this case, the response surface
equations can be solved efficiently to determireedfiect that changes in the powerplant
design will have on the aircraft as a whole, withcarihg to rerun the conceptual design
process. The sensitivity of the aircraft to prgpuh system design can be assessed and
the design requirements of the propulsion systembeaprioritized. For this aircraft the
sensitivity of the aircraft performance metrics ttoe propulsion system design is
presented in Table 21. Both the sensitivities he# tonsidered aircraft performance
metrics and the composite performance me@icare shown.

Based on this low-order analysis, the requiremehtie power and propulsion
system specific to fuel cell aircraft, in the ordsr importance to maximize aircraft
specific power are:

1) Minimization of balance of plant, accessory, aagload power consumption
2) Optimization of propulsion system efficiency

3) Minimization of system mass

4) Minimization of system frontal area

These requirements must be met under whatever satic dynamic flight
conditions the aircraft experiences.

The power and propulsion systems of the fuel ceti@estrator aircraft have been
designed to meet these requirements within the naengneering constraints of budget
and component availability. In the following seaiso the architecture and detailed

function of the power and propulsion systems arecideed for the fuel cell powered
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aircraft. The performance of the subsystems iduatad using the proposed design

requirements.

Al.2 Controls and DAQ Development

The aircraft systems are broken down into fuel dedlance of plant, payload,
propulsion and aircraft control systems. A diagranovéng the interactions of the
components of the aircraft is presented in Figude All components are powered
primarily from the fuel cell power bus, although thecraft control system has a battery
backup. The pilot controls the aircraft from thewnd control radio and the aircraft
systems react to the pilot’s control signals. €hiserno buffering of pilot commands, no
aircraft autonomy, and no maneuver preplanningpratsent. The aircraft system
controller coordinates the control of the fuel cafld balance of plant based on the
control inputs from the pilot and acts as a datgueition system for the aircraft. Data
regarding the performance of the aircraft and ppleet are transmitted wirelessly to the
ground station data acquisition system (DAQ), wheey tre logged by a ground-based
computer.

Figure 91 shows the flow chart of the aircraft conadgorithm. The primary
functions of the aircraft controller are data asgion, aircraft mode control, compressor
airflow control, thermo-static control of the fara)d control of the anode purge valve.
Details of the data acquisition hardware, functiond wiring are provided in Table 22

and Table 23.
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Figure 90. System diagram showing power and signatommunication between

modules
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Table 22. Wiring spreadsheet and sensor list for &l cell A/D converter and system

controller
Analog to Digital Converter
Analog . .
Input  Signal Name S_Il_gnzl i'g:aé Connects to Comment
Channel P 9
AINO Barometer | Analog 2.5-4.0V Barometer
AIN1 Pitot Tube | Analog 4?2255V Dﬁere;iar:sli’):essure http/iwww.alsensors.com/datasheets/commerciaptemp _med.pdf
AIN2 Strain Gauge ~ Analog 0-5V Slra'lg;:.}z? Signal http//www.transducertechniques.com/EBB-Load-Cied.c
AIN3 Coolant Analog 0-5v Therml§tgr Voltage
Temperature Divider
AIN4 Fuel Cell Analog 0-5V Therml§19r Voltage
Temperature Divider
AINS Outside Analog 0-5V Therml§tgr Voltage
Temperature Divider
Fuel Cell .
AIN8 Voltage Analog 0-5vV Voltage Divider
Balance of ) -
AIN9 plant current Analog | 2.5-4.0V| Fuel Cell Current Sensor http//www.tamuracorp.com/clientuploads/pdfs/e docs/LO7P_S05.pdf
AIN10 Current Sensc Analog = 2.5-4.0V| Fuel Cell Current Sensor

http/Awww.tamuracorp.com/clientuploads/pdfs/engiigdocs/LO7P _S05.pdf

MicroController

Digital Signal | Signal
Input  Signal Name Tg R Y Connects to Comment
Channel ype ange
none Mode Contral  Digital TTL Mode Switch http/Avww.nkkswitches.com/pdf/MtogglesBushing. pdf
PD2 Corg;:)f;;or 1 Digital TTL Compressor #1 Encodzr http/Avww.pennmotion.com/part_num_database/pd#EB05.pdf
- Hall sensor on Motor
PD3 Motor speed  Digital TTL Shaft
Compressor 2 . . i . .
PB2 Speed Digital TTL | Compressor #2 Encodzr http//www.secomtel.com/UpFiesPDF/PDF/Agient/POIFOCS/ISONCONT/02 MOTN/2 40 45.pd
Output Signal Name Signal | Signal Connects to Comment
Channel Type Range
Thermostatic Fan Control MOSFET . .
PD4 Fan Control TTL 0-5v 45 http//www.nteinc.com/specs/2300to2399/pdfinte285.
Compressor . Compressor 1 Control i .
PD7 41 PWM TTL 0-5Vv MOSFET #3 http://www.nteinc.com/specs/2300t02399/pdf/nte2p@S.
Compressor Compressor 2 Control . .
PB3 42 PWM TTL 0-5Vv MOSFET #4 http://www.nteinc.com/specs/2300t02399/pdf/nte2p@S.
H2 Purge Purge Valve MOSFET . .
PD5 Vale Control TTL 0-5Vv 4 http//www.nteinc.com/specs/2300to2399/pdfinte285.
Water Pump .
PD6 onof TTL 0-5V | Pump Motor Mosfet #1. http://www.nteinc.com/specs/2300t02399/pdf/inte28@5.
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Figure 91. Flow chart of the system control algorttm
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Table 23. Wiring connections for fuel cell systemantroller

Connector # of pins Pin number On-Board Connection Off-Board Connection

Connector 1 24 1]+5V bus Pitot tube connector Pinl
Connector 1 24 2|GND Pitot tube connector Pin2
Connector 1 24 3JAIN1 Pitot tube connector Pin3
Connector 1 24 4|GND NC

Connector 1 24 5|+5V Bus Fuel Cell Temp Thermistor
Connector 1 24 6]AIN4 Fuel Cell Temp Thermistor
Connector 1 24 7]+5V Bus Modem Power

Connector 1 24 8|GND Modem Ground

Connector 1 24 9|+5V Bus Outside Temp Thermistor
Connector 1 24 10]A/D Converter Channel 3 Outside Temp Thermistor
Connector 1 24 11|Rs232 DI Modem DI

Connector 1 24 12]|RS232 DO Modem DO

Connector 1 24 13]|+5V bus Strain Gauge Signal Amplifier Pinl
Connector 1 24 14|GND Strain Gauge Signal Amplifier Pin2
Connector 1 24 15]AIN2 Strain Gauge Signal Amplifier Pin3
Connector 1 24 16|GND Strain Gauge Signal Amplifier Pin4
Connector 1 24 17]+5V Bus Coolant Temp Thermistor
Connector 1 24 18|AIN3 Coolant Temp Thermistor
Connector 1 24 19]+5V bus Prop Speed Sensor Pinl
Connector 1 24 20|GND Prop Speed Sensor Pin2
Connector 1 24 21|PD7 Prop Speed Sensor Pin3
Connector 1 24 22|GND Prop Speed Sensor Pin4
Connector 1 24 23|NC NC

Connector 1 24 24INC NC

Connector # of pins Pin number On-Board Connection Off-Board Connection

High Current Lug 1 1 1| Current Sensor Positive In Fuel Cell Positive Current Collector
High Current Lug 2 1 1|Current Sensor Positive Out Electric Motor

High Current Lug 3 1 1|Ground Fuel Cell Negative Current Collector
Connector # of pins Pin number On-Board Connection Off-Board Connection

Connector 2 24 1]+5V bus Motor 1 Encoder Pin 4

Connector 2 24 2|GND Motor 1 Encoder Pin 1

Connector 2 24 3|PB1 Motor 1 Encoder Pin 5

Connector 2 24 4|NC NC

Connector 2 24 5|MOSFET 4 Drain Compressor 1 GND

Connector 2 24 6]+FC Bus Compressor 1 V+

Connector 2 24 7|MOSFET 2 Drain H2 Purge Valve Control GND
Connector 2 24 8|+FC Bus H2 Purge Valve Control V+
Connector 2 24 9|MOSFET 1 Drain Water Pump GND

Connector 2 24 10|+FC Bus Water Pump V+

Connector 2 24 11|MOSFET 3 Drain Fan GND

Connector 2 24 12]+FC Bus Fan V+

Connector 2 24 13]+5V bus Motor 2 Encoder Pin 4

Connector 2 24 14|GND Motor 2 Encoder Pin 1

Connector 2 24 15|PBO Motor 2 Encoder Pin 5

Connector 2 24 16|NC NC

Connector 2 24 17INC NC

Connector 2 24 18|+FC Bus NC

Connector 2 24 19INC NC

Connector 2 24 20]+FC Bus NC

Connector 2 24 21|NC NC

Connector 2 24 22|+FC Bus NC

Connector 2 24 23|MOSFET 1 Drain Compressor 2 GND

Connector 2 24 24|+FC Bus Compressor 2 V+

Al1.3 Fuel Cell Air Supply Controls Development
The purpose of the compressor control system msagimize the efficiency of the
fuel cell system by maintaining the proper cathaeichiometry under dynamic
operating conditions while minimizing the compressmower consumption. The
compressor control is implemented in the “SinglemPoessor Control” and “Dual

Compressor Control” blocks shown in Figure 91.
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The compressor control pneumatic system is madefufwo independently
actuated diaphragm compressors, and a passivarihlpring pressure regulator. Each
compressor is driven by a brushed DC electric ma@od has a maximum output of 15
L/min of air. The voltage applied to the compressmtor is controlled by pulse width
modulation of a power MOSFET, connected to the grdegdf the motor power leads.
Switching losses in the motors and MOSFETs are maathiby specifying the speed
constant of the compressor motor so that the casspras at full flow rate at the fuel cell

maximum power operating voltage with the MOSFET neaklyays on, as defined by:
K >Qair_max » Wm > Kv fc_max ~ VMOSFET) (AZ)

The voltage losses in the MOSFET are representédvbyrer andK, is the DC motor
back EMF constant.

To minimize the power consumption of the compressystem, a primary and a
secondary compressor are used. For flight comditiehere less than 15L/min of air are
required, the secondary compressor is turned affosaty the primary compressor is used
to meet the airflow requirements. For flight coratis where more than 15L/min of air
are required, both compressors are run at the sspeed to meet the airflow
requirements. The compressor switching takes placehe “Required Airflow >

Threshold” block of the control algorithm shown iigie 91.
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Figure 92 (a) Schematic of low pressure fuel celathode with positive displacement
air compressors, (b) Performance of positive dispt&ment compressors

To design the compressor controller, a model ofdihenanagement system was
constructed. Compressor controllers availablehim literature are derived for much
larger fuel cells and do not model positive displaent compressors [72]. A diagram of
the modeled system is shown in Figure 92(a). Bec#usecompressors are positive
displacement pumps, the air flow rate is a lineaccfion of the motor speed, which is a

linear function of the applied motor voltagé,f andK,:
Qair = kxM/m = k><Kv >x/m (A3)

This assumption is validated with experimental datashown in Figure 92 (b).
Where R is the universal gas constant and RFCeiéintbarized resistance of the fuel cell
air channels, the air manifold dynamics simplify to

dp,, _ Rg, p
Mmooy - mo
dt Vv, " R (A4)

m
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At the low cathode pressure, small inlet manifoldumoé i), and constant

temperature ¢_) of the fuel cell under consideration, the singigenvalue of this

equation is stable, very fast and will remain uncengated. The time electrical and
mechanical time constants of the motor/compresawmrgoe on the order of 1 millisecond
and 10 milliseconds respectively, and will also remacompensated. The constitutive
equations of the compressor system are therefanpliied into an algebraic relation
between the voltage applied to the compressor naotdrthe airflow rate to the fuel cell.
The pressure of the fuel cell is passively regdldtg the cathode backpressure valve.

A block diagram of the low-level compressor cont@ltine is shown in Figure
93. This block diagram represents the controlesgstinder the “Single Compressor
Control” and “Dual Compressor Control” blocks shownHigure 91. The input to the
control system is the fuel cell output current,sehwith a hall-effect current sensor, and
the fuel cell output voltage, sensed with a voltdiyeder. A non-linear feedforward (FF)
command is used to overcome plant hysteresis amdairionize steady state error. The
feedforward gain (K.) converts the fuel cell current into a desired pogssor speed

using (4) and the following equation:

_, nl 1
Qair - /c 4F (MW02)023 (A5)

The compressor controller is programmed to mairdadathode stoichiometry of
approximately/ :>2.0 under all conditions. A conventional discreteportional integral
controller is implemented to control around a dasircompressor speed and to
compensate for any unmodeled dynamics. The irttmgtarm is suppressed for all

conditions except for low-flow compressor idle cdiois. At idle, the integrator term is
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allowed to saturate to reduce integrator windup. pPhet's current command signal

incorporates a 15 A/sec slew rate limit.

Figure 93 Signal flow diagram of the fuel cell compessor controller

Figure 94 shows the dynamic behavior of the fuel balance of plant and
controller during takeoff acceleration of the aaftr The current and speed signals are
unfiltered and acquired at 40Hz, the sampling anatrob frequency of the compressor
control algorithm. The cathode stoichiometry ikakated for each data point. When the
current to the motor increases with the pilot’'s caandy the fuel cell controller ramps up
the speed of the compressors (including the stam fest of Compressor 2) to maintain
the cathode stoichiometry at >2.0. When the fedl stoichiometry is less than 1.0, the
performance and lifetime of the fuel cell will gowdo. This shows that the compressor
controller can dynamically control the stoichionyetrf the fuel cell cathode using the
algorithm derived above.

Figure 95 shows the dynamic behavior of the of tted €ell balance of plant and
controller during bench testing. This plot showat ttme controller has the ability to meet

the airflow requests of the fuel cell at a varietyorrent draws.
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Figure 94. Dynamic performance of the compressor otrol system during flight

testing

Figure 95. Dynamic performance of the compressor otrol system during benchtop

testing
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Al.4  Hydrogen Storage Systems Development

Portable fuel cells are often supplied with hydrogemm a portable hydrogen
storage vessel. The most commercially availabtirdgen storage systems for portable
fuel cells use either high pressure compressedolygdr storage, metal-hydride hydrogen
storage units, or chemical hydride hydrogen stomgtems. Both metal-hydride and
compressed hydrogen storage systems were implemeuted) the development of the
fuel cell powered aircraft. Schematic representstiof these powerplants are shown in
Figure 96 and Figure 97.

To fully control the hydrogen input to the fuel lcgflack its pressure and flow rate
must be actively controlled. For our example systbydrogen is supplied to the fuel
cell stack from a high pressure composite overwedppressure vessel. The operating
pressure of the hydrogen tank is 31 MPa. Anode foldnpressure control is achieved
through a dual inline regulator setup. Dual requkatare necessary to minimize the
supply pressure effect, the variation of regulatotput pressure with changing regulator
pressure. Single stage diaphragm regulators ac gsssive proportional pressure
controller. When the input pressure changes thpubwpressure changes in response.
Common regulator specifications for supply pressifect are 1:100, that is the output
pressure will vary by 10kPa for each 1MPa changsupply pressure. By placing two
regulators in series the supply pressure effeaediced to 1:10000, or about 3kPa
maximum variation. Hydrogen flow rate is controllesing a normally closed solenoid
purge valve. The purge valve operates with a cahgtarge pulse width and variable

purge cycle period. The hydrogen flow rate throdgl anode purge valve can be
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represented by a first-order system with a time @ms/., of 0.3 sec as shown in Figure

69.

On2 = Omax 1-e (A6)

The measured volume of the hydrogen input manif@ld, anode serpentine
channels (32 cells, 3 channels per cell), the hyeinooutput manifold and the anode
purge valve is 24mL. Using the first order anodenifold model, we can solve for the
purge pulse width that purges a volume of hydroggmkto the volume of the anode

manifold.
_ e
Vpurge = Omax t- [c + [ce (A?)

When the purge valve pulse width is set to 0.35 thecentire internal volume of
the anode manifold is replaced with each anode purge

The purge cycle period is derived from the deshgdrogen utilization. For fuel
cells operated on neat hydrogen, hydrogen utibrnatiof greater than 99% are desirable
and achievable. Hydrogen utilization is definedlss ratio of the volume of hydrogen

consumed electrochemically to the volume of hydnogarged.

\Y/

U = consumed

V. +V (A8)

purge consumed
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Assuming that the hydrogen lost to leaks and hydragessover is negligible,

the volume of hydrogen consumed since the lastepawent,v,, .,.s Can be calculated

at each controller clock cycle from the fuel céfick current and Faraday’s Law.

consumed 4F /,Hz (Ag)

k=1

The purge cycle period is over wheg, q,mes® or when an arbitrarily

1 _ U Vpurge 1

large period of time has passed (i.e. the fuelisedt idle conditions). Figure 102 shows
the hydrogen utilization of the example fuel celstem as a function of stack output
current. At low currents, the hydrogen managementrotber purges the anode every 30
seconds. At currents higher than 1A, the contrdléyeled ‘GTRI controller’) is able to
maintain hydrogen utilization at approximately 90%lhe stock controller for the
Horizon fuel cell stack does not utilize this saroatooller logic.

The combination of a passive pressure control systed an active flow control
system controls all of the states of the hydroganagement system with a bandwidth of

0.21 seconds.
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Figure 96. Schematic showing components of thé' hieneration metal hydride fuel

cell powerplant

Figure 97. Schematic showing components of the"2 generation compressed

hydrogen fuel cell powerplant
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Al.5 Other Balance of Plant Systems Development

The fuel cell is cooled by pumping distilled watkeraugh cooling channels in the
fuel cell bipolar plates. The cooling water pumspdriven by a DC brushed motor. In
order to maintain a constant flow rate, the voltagplied to the DC motor is regulated
by a switching DC/DC converter. The high startup #atithe water pump that would
ordinarily overload the DC/DC converter are handlgdubing a RC soft-start circuit to
limit the startup current required of the DC/DC camee A circuit diagram of the soft-
start and a diagram of the controlled soft-stagquseace are shown in Figure 98. The
purpose of the soft-start circuit is to minimizee thize, weight, and electrical losses
associated with the DC/DC converter while meeting thd-sip current requirements of

the water pump.

Figure 98. Experimental performance data for the D@DC converter during water

pump startup
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The radiator for the fuel cell aircraft was the ®abj of a considerable
development effort. The aluminum, brass and custarbon foam radiators shown in
Figure 99 were constructed and tested in order ttermdne the best physical
configuration and technology. All three radiators gested with and without evaporative
cooling. Figure 100 presents the results, shownaqg the carbon foam radiators reject
more heat per unit of radiator mass than the beaiators. Th&€arbon Foam llradiator
rejects roughly the same amount of heat aCmbon Foam Fkadiator but because of the
lower air side pressure losses, the power consumpfitime Carbon Foam llradiator is
much lower. Carbon Foam llradiator was chosen as the radiator to be useldeir-€C

UAV and is shown as built in Figure 67.

Figure 99. Radiator configurations tested for usen the FC UAV demonstration
aircraft (a) Brass Radiator (b) Carbon Foam Iradiator with 0.125 in. pin hole fins,

(c) Carbon Foam Il radiator with 0.0625 in. rectangular fins
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Figure 100. Comparison of experimental radiator peformances
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APPENDIX B
DETAIL DESIGN FOR HIL TEST EQUIPMENT AND HIL FUEL

CELL POWERPLANT

This section describes the design of the fuelmaierplant and hardware-in-the-
loop test equipment. The detail design and dewveéoy of the fuel cell system, HiL test

equipment and calibration data are provided.

A2.1 Fuel Cell System Development

The Horizon 300 fuel cell stack is supplied with atcoller that controls the state
of the stack fans, the purge valve, and the stachfboperation. This stock Horizon
controller is not designed for mobile applicatiamsl was redesigned. The new (GTRI)
controller controls the state of the anode purdeevand stack fans as a function of the
current output of the stack and the temperatuteestack. The controller also serves as
a data acquisition system that can measure stagbet@ture, current and voltage and can
output intermediate control variables in real tiatea frequency of 8 Hz. This section
describes the function, calibration and performaon€ethe GTRI controller for the
Horizon H300 stack.

The stock H300 controller controls the temperatetpant of the fuel cell stack
as a function of the current output of the fuel séhck. This relationship as measured
using the stock H300 controller is shown in Figurel.10A linear fit to the stock

temperature setpoint vs. stack current is impleswenh the GTRI controller. The
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behavior of the new controller is shown in Figure .10Ihe GTRI controller shows

improved temperature regulation behavior compawsdtie Horizon controller.

Figure 101. Fuel cell thermal set point calibration

The stock H300 controller controls the anode pur@eesusing a constant purge
pulse width and a constant purge cycle period. Eigorithm leads to hydrogen
utilization that varies as a function of the fuellstack current. An improved algorithm
which is described in Section A.1.3 is implementedthe GTRI controller. This
algorithm controls directly for hydrogen utilizaticand is demonstrated to allow for a
much wider region of high hydrogen utilization, &swn in Figure 102

To measure the temperature of the stack, an NT@nteenr voltage divider was
used. NTC thermistors have a non-linear resistaacéemperature curve, requiring the
use of a two-part linear curve fit. The fits anduléing calibrations are shown in Figure

103.
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Figure 102. Hydrogen utilization of H300 fuel celktack

Figure 103. GTRI controller thermistor calibration
The current of the H300 stack is measured using@uctive current sensor. The
measured current output and calibration curveshiercurrent sensor are shown in Figure

104.
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Figure 104. GTRI controller current sensor calibraton

The constructed GTRI controller can perform bothtem@nand data acquisition
tasks for the fuel cell system during both flighsting and HiL testing. A sample of the
output data from the GTRI controller data acquisitgystem are shown in Figure 105.
This test shows the start up of the stack . At aecmirof 4A, the desired temperature of
the stack is approximately 48C, as shown in Figugd.1l The GTRI controller
successfully regulates the stack temperaturegitliabove 48C.

Figure 106 shows the comparison between the perfaenainthe fuel cell system
without the balance of plant and controller loadd #re fuel cell system with the balance
of plant and controller loads of the GTRI fuel cslfstem controller. There is a
significant reduction in the performance of thel feell when control loads are included.
This increase in overpotential is hypothesized ¢odbe to the unsteady loads that are
placed on the fuel cell from the DC/DC converters MOSFETs that are used in the

control system hardware, but further investigat®warranted.
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Figure 105. Sample data acquisition results from Hazon H300 with GTRI

controller

Figure 106. Comparison of fuel cell polarization cowves with and without control

hardware
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A2.2 HiL Detail Development

AB.2.1. Hardware Development

The hardware of the HiL dynamometer is made up efdlectric motor, torque
measurement mechanism, coupling and absorber. eldwtric motor is bolted to a
bearing-mounted motor mount whose rotation is camgtd by the torque measurement
mechanism. The CAD drawing of the motor mount is showiRigure 107. The motor
is mounted to surface A and the bearing is moutethe outside of surface B. The
stiction torque in the bearing negligible at < 3X18m. Heating of the bearing is
undetectable.

The absorber for the dynamometer is an off-thetdb€ motor coupled to the
aircraft electric motor. The absorber has a vatagnstant of 0.02 V/rpm. The HP
6050A electronic load has a maximum input poteragfab0V, leading to a maximum
rotational speed of the motor and of the dynamon@#t8000 rpm. This constraint limits
the conditions of use of the HiL system. The speation of an absorber with a lower

voltage constant would improve the speed rangeeoHih system.

Figure 107. CAD drawing of the HiL motor mount
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The HiL simulator is a dynamic dynamometer and ashsuhe dynamic
properties of the motor coupling, and absorber khdae similar to the dynamic
properties of the propeller and couplings thataotially present in the aircraft. If the
inertias of these components are of the same asflenagnitude, then we can be
confident that the acceleration and decelerationthef dynamometer is not putting
unrealistic dynamic loads on the electric motor.heTinertia of the absorber was
estimated to be approximately 1.8%18g nf from the product literature of a similar
motor. The inertia of the propeller was calculated cutting up a propeller and
numerically integrating the masses of the secttonsstimate the total propeller inertia,
as shown in Table 24. The total inertia of the phep is 1.9x1G kg nt, approximately
an order of magnitude greater than the absorbetianeThis analysis suggests that no
extraneous loads will be placed on the electric mdtwing testing due to a difference in
inertia between the dynamometer and the actual peope

Table 24. Tabulation of propeller inertia for Bolly 22x20 carbon fiber propeller

Section center ofSection center of

Propeller gravity location gravity location Inertia Contribution
Section (in) (m) Section Mass (g) (kg mP)
0 0 0 60.4 1.94838E-05
1 15 0.0381 14.5 2.10483E-05
2 25 0.0635 8.74 3.52419E-05
3 3.5 0.0889 7.52 5.94321E-05
4 4.5 0.1143 6.42 8.3874E-05
5 5.5 0.1397 5.92 0.000115535
6 6.5 0.1651 5.05 0.000137653
7 7.5 0.1905 4.28 0.000155322
8 8.5 0.2159 2.99 0.000139372
9 9.5 0.2413 2.11 0.000122856
10 10.5 0.2667 1.16 8.25095E-05
Prop Mass (kg)  Propeller Inertia (kd)m
0.17778 0.001925174
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AB.2.2. Software Development

The software components of the HiL system are théwaoé models of the
aircraft, and the software dynamometer controlsuiticlg electric motor pulse-width
modulated (PWM) control, dyno load control and datguisition. The software models
of the aircraft are presented in detail in ChagterThis section will concentrate on the
other functions of the HiL software.

The electric motor is speed controlled by the aftcautopilot simulator via a
PWM signal that is transmitted by serial from thel Hiimulation computer to the
dynamometer microcontroller. The dynamometer ntentroller translates the serial
command into a TTL PWM command that is transmittethe electric motor controller.
The electric motor speed controller is a varial@dangligital proportional controller.

The dynamometer current load is proportional toahsorber torque load, which
is equal to the torque applied to the electric motd@he absorber torque is controlled
open-loop with a feedforward analog signal suppleethe analog control input of the HP
6050 electronic load. The calibration between tae lcommand to the load sensor (in
grams) and the PWM input to the D/A converter is showirigure 108.

The signals acquired by the HiL dynamometer datauiaitipn system are

described with sensor specifications in Table 25.
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Figure 108. Static feedforward calibration for dynanometer load control

Table 25. Signals acquired by HiL dynamometer datacquisition system

Signal Name Liggﬁg:] Transducer Signal Type
Fuel Cell Net Current Dynamometer 06709, Simpsaw, du Flambeau, WI Analog
Fuel Cell Voltage Dynamometer Voltage Divider Aralo
Electric Motor Speed Dynamometer Brushed Tachometer Analog
Electric Motor Torque Dynamometer EBB-10, Transdulechniques, Temecula, CA Analog
Hydrogen Flow Rate Dynamometer FMA-1610A, Omegaifeering, Stamford, CT RS-232
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