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Abstract

The primary drawback of electric vertical take-off and landing (eVTOL) aircraft is their poor range and en-
durance with practical payloads. The objective of this paper is to examine the use of hydrogen fuel cells to
overcome this drawback through simulation and hardware testing. The paper develops steady state and
transient models of fuel cells and batteries and validates the models experimentally. An equivalent cir-
cuit network model was able to capture the waveforms and magnitudes of voltage as a function of current,
temperature, and humidity. Examination of the results revealed that the transient behavior of batteries and
fuel stacks are significant primarily shortly after startup of the fuel stack and at the limiting ranges of high
and low power; for a nominal operating power and barring faults, steady state models were adequate.
This paper also demonstrates fuel cell and battery power sharing capabilities in an unregulated parallel
configuration as well as in a regulated circuit. A regulating architecture was developed that achieved a re-
duction in power plant weight. Finally, the paper outlines weight models of motors, batteries, and fuel cells
needed for eVTOL sizing, and carries out sizing analysis for three progressively longer on-demand urban
air taxi missions. The objective aircraft was sized to carry a minimum of 400 |b payload for an on-demand
air taxi-like mission with 5 min hover and 15-60 min cruise at 150 mph. This revealed that for ranges within
75 mi, an all-electric tilting proprotor configuration is feasible with current technology if high C-rate bat-
teries are available. Either a battery-only or fuel cell and battery hybrid power plant is ideal, depending on
the range of the mission. In particular, a 5700 Ib gross take-off weight aircraft with disk loading of 11 Ib/ft?
could be sized using a hybrid power plant with fuel cells and 10C batteries to carry a payload of 430 Ib for
a 75 mi (inter-city) mission. A smaller aircraft of 4000 Ib gross weight and a disk loading of 27 Ib/ft?> could
be sized using a 6C battery only power plant to carry a payload of 490 |b for a shorter 38 mi (intra-city)
mission. Research priorities would depend on target mission duration and range. For any mission beyond
40 miles (or 15 minutes at 150 mph) fuel cells appear to be a compelling candidate. Based simply on perfor-
mance numbers (cutting-edge numbers proven at a component level but not in flight), ease of re-fueling,
high w% hydrogen storage due to the short duration of eVTOL missions, and lack of a compressor due to
low-altitude missions, fuel cells appear to far surpass any realistic future projections of Li-ion energy lev-
els. However, for missions less than 40 miles, improving battery energy density is the priority. All mission
lengths require improved battery power density to 6-10 C for 150 Wh/kg batteries.

1. INTRODUCTION start-ups to major aerospace corporations have in-

troduced many manned eVTOL concepts in various

Recent advances in electrochemical power and elec-
tric motors have caused a significant resurgence
of interest in manned electric vertical take-off and
landing (eVTOL) aircraft’. Developers ranging from
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stages of development, since the world's first elec-
tric manned helicopter flight by TETRAERO in 20112
and the first multirotor flight by e-volo’s Volocopter
in 20123. Electric power offers agile, quiet, safe,
non-polluting, and potentially autonomous aircraft,
which are essential characteristics for a new on-
demand urban air transportation system. In 2017,
Uber released a vision for such a system in a white
paper4. The main drawback of these potential air-
craft is the poor range and endurance with practical
payload - at least 300-400 Ib for a 2-3 seat aircraft.
This drawback stems from the weight of lithium-ion
batteries. The objective of this paper is to exam-
ine the use of hydrogen fuel cells to overcome this
drawback.

A major limitation for battery powered electric
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aircraft is the energy density of batteries - 250
Wh/kg for lithium-ion cells and 170 Wh/kg for packs®
- which is much lower than hydrocarbon fuels. Pro-
ton exchange membrane (PEM) fuel cells offer a
higher energy density than batteries, around 500
Wh/kg, in a unit that is still clean and hydrocarbon
free, mechanically simple, operates near ambient
temperature, and produces no harmful emissions.
Hybridization combines the high specific power of
batteries with the high specific energy of fuel cells
to optimize the system weight, while introducing re-
dundancy in the power source for added safety.
Fuel cell and battery hybrid systems have been
demonstrated in manned fixed-wing aircraft. The
Boeing Fuel Cell Demonstrator achieved manned
flight in 2008 with a gross weight of 870 kg for ap-
proximately 45 min’. The German Aerospace Cen-
ter’'s electric motor glider Antares DLR-H2 has been
used as a flying test-bed with a gross take-off weight
of 825 kg®9™°, This aircraft has been used to in-
vestigate different hybridization architectures to al-
low charging and minimize the power plant weight,
as well as investigating methods to increase reli-
ability. The ENFICA-FC project, funded by the Eu-
ropean Commission and based at Politecnico di
Torino, also developed a two-seater hybrid aircraft
that achieved an endurance of 40 minutes™. These
aircraft serve as a proof of concept for fuel cell pow-
ered flight, provide flight data, and identify key ob-
stacles compared to conventional aircraft.
However, all of the above are fixed-wing, not
rotary-wing, aircraft. eVTOL requires rotary-wing
aircraft, which have unique challenges associated
with rotor dynamics, lower lift to drag ratios (due to
hub drag), and highly transient power requirements
over a wider range of power magnitudes. Some un-
manned rotary-wing aircraft have been flown us-
ing a fuel cell and battery hybrid power system,
but these are smaller scale drones and little public
data is available compared to the fixed-wing aircraft
described previously. These rotary-wing aircraft in-
clude the United Technologies Research Center’s 1-2
kW single main rotor helicopter in 2009™ and En-
ergyOr’s 10.5 kg quadcopter in 2015™. This paper
addresses manned eVTOL, and the objective is to
compare two main electrochemical power sources -
lithium-ion batteries and hydrogen fuel cells, sepa-
rately and in combination in a power-sharing mode
- for an on-demand air taxi mission. The possible
benefits of hybridization were first reported for a
R-22 beta Il helicopter™, but it was a conceptual
paper study. In this paper, we demonstrate power-
sharing through hardware testing, develop refined
steady-state and transient power models, calibrate
them with test data, and carry out eVTOL sizing to
investigate a baseline mission outlined by Uber#4, in-
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cluding a realistic assessment of the impact of tech-
nology growth. Preliminary results were presented
by Ng and Datta® without demonstration of regu-
lated power sharing. The final results are presented
here including power sharing.

The first step is to develop new propulsion sys-
tem models for the proper design and investiga-
tion of this new class of aircraft. There have been
several efforts in recent years to build such mod-
els'4151617.18 and apply them to conceptual design
of rotorcraft'2°, However, these models are all lim-
ited to steady-state, which make them adequate for
sizing, but not for detailed design and performance
analysis. Models that can predict both steady-state
and transient behavior would allow for sizing as well
as an analysis of a power plant for trim and tran-
sient maneuvers of an aircraft. Lithium-ion/polymer
batteries and fuel cells are modeled as equiva-
lent circuit networks (ECN) to capture the transient
behavior using conventional resistor-capacitor (RC)
models. Transient models predict voltage variation
due to rapid changes in current. For batteries, they
must also capture the variation due to state of
charge.

The battery and fuel stack models are cali-
brated (for time constants) and validated (for phe-
nomenological trends) using an in-house experi-
mental set up. The set up consisted of a commer-
cial fan-cooled proton exchange membrane (PEM)
fuel stack, pressurized hydrogen equipment, and a
lithium-polymer (Li-Po) battery connected in paral-
lel to an electronic load as well as a flying quad-
rotor. A fuel cell requires many pieces of acces-
sory equipment, called balance of plant, that incur
power losses and add weight overhead. The setup
was also used to determine these balance-of-plant
losses and overheads.

The second step, sizing of e-VTOL, begins with
state-of-the-art data for motor and battery weights
as a basis for weight models. However, fuel cell
weights cannot be readily inferred from data due
to the wide variation in type of application and
type of hydrogen storage. Top-level technology as-
sessments can be found in the U.S. Department
of Energy’s continuing Hydrogen and Fuel Cell Pro-
gram, automotive literature, and limited UAV appli-
cations reported in trade journals. These are not
adequate for a proper weight estimation. Instead,
a geometry and material based weight break-down
is used, guided by (in-house) measurements from
a commercial fan-cooled low-power stack, and re-
ported literature on the custom-built liquid-cooled
high-power automobile stacks of Honda?' and Toy-
ota®*33,

Sizing of the aircraft calculates the minimum
gross (total) take-off weight and payload weights
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that are achievable for a prescribed mission. These
calculations are based on text book expressions,
correction factors, and available data on existing
aircraft, so that the primary focus remains on the
impact of the new power plant. The results are com-
pared for different power plant configurations: tur-
boshaft, battery alone, fuel stack alone, and battery
and fuel stack hybrid. They are also compared for
edgewise and tilting prop rotor configurations.

Specific targets are based on Uber's white pa-
per4 for a demonstration of sizing. The maximum
installed power was taken to be 500 kW (hover) with
a cruise speed of 150 mph for 1 hr. Details of the mis-
sion are provided in the Aircraft Sizing section.

Finally, the effects of technology advances are
investigated. The baseline results use parameters
from flight-proven technology that has been suc-
cessfully used in aircraft. These include battery spe-
cific energy, battery maximum current or C-rate (di-
rectly related to specific power), fuel stack specific
power, and hydrogen tank weight fractions. Results
are also calculated based on cutting-edge technol-
ogy reported for each individual component; for ex-
ample, a battery specific energy of 250 Wh/kg re-
ported by the automobile industry, fuel stack spe-
cific power of 2 kW/kg reported by Toyota, and a hy-
drogen weight fraction of 7.5% - a target met by the
Department of Defense hydrogen fuel cell program
for pressured storage. These cutting-edge technol-
ogy assessments provide insights for prioritizing
technology investments. For example, the key bar-
rier is the weight of the energy source and not the
motors; including state-of-the-art fuel cells will pro-
vide for greater returns on payload than state-of-
the-art batteries, at least for missions lasting more
than 15 minutes; and in eVTOL, specific power (C-
rating) might actually be the driving factor for bat-
tery weight, not specific energy.

The first part of the paper, Sections 2, 3, 4, and 5,
deals with hardware and model development. The
second part, Section 6 and 7, deals with weights
and aircraft sizing. The second part relies on the
weights and efficiencies measured in the first part.
The first part draws its motivation from the results
of the second part, which show that a battery-fuel
cell combination can be superior to either power
source alone. Thermal modeling is ignored in the
first part. Cost and noise are ignored in the second
part.
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2. EXPERIMENTAL SETUP

A commercial 300 W PEM fuel stack and a 2800
mAh 3 cell lithium polymer battery were used to
construct a simple test-bed to understand the sys-
tem requirements and obtain test data for calibrat-
ing and validating the fuel cell and battery mod-
els. System requirements include balance of plant
losses and overheads, which are later utilized for
aircraft sizing. Due to the surrogate nature of the
setup (non-flight worthy) these losses and over-
heads are expected to be conservative. Figure 1 pro-
vides a basic flow diagram of how power is deliv-
ered in a parallel hybrid system from the battery
and fuel stack to a load. This applies to the setup
used in power sharing demonstrations described in
Section 5. The ‘'unregulated’ version of power con-
trol architecture for this paper is a simple connec-
tion of the two power sources in parallel and adding
diodes to ensure the current always flows away
from the power source. The regulated’ version adds
controlled charging and discharging of the battery
in a strategic manner to minimize the power plant
weight. The data loggers record current and voltage
over time.

POWER
SOURCE 2
Lithium-
o Polymer
Fuel POWER Batl';w
| SOURCE 1
|
E:;:t;:;e Balance of Power
Membrane " Plant/ -<—p Control
Euel Stack Accessories Architecture
Quadcopter
or Electronic
Load

Figure 1: Flow diagram of a parallel hybrid power
system.

The fuel stack controller controls the supply and
purge valves to allow hydrogen flow in and out the
fuel stack. This controller requires external power
which can be provided by a power supply or a addi-
tional battery. The fuel stack operates around 50V,
so a DC-DC converter is used to reduce this voltage
to that of the battery, to around 12 V. The power out-
put from the fuel stack is connected in parallel with
a battery. The combined power is then connected to
a bench-top programmable electronic load for con-
trolled tests. It is also connected to a quadcopter
for tethered flight tests. A photograph of the hard-
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ware and detailed plumbing and wiring diagram are
available in Ref.>.

To calibrate the fuel stack and battery model, it
was necessary to isolate the power sources and
connect them individually to the load. These con-
figurations are described in Section 3 in relation to
the specific calibration processes.

The component weights are presented in Table 1.
From these weights, the overhead mass associated
with the DC-DC converter (including cables) was cal-
culated to be 15% of the total mass. This represents
the portion of the mass that would not be included
in the specific energy of a fuel cell, and is later used
in the Sizing section as a factor to obtain a more
accurate system mass. The mass overhead for the
hydrogen regulator is 13%, but this can likely be re-
duced for a digital pressure gauge and aerospace
grade regulator. Data collection devices accounted
for 4% mass overhead. Only the DC-DC step down
mass overhead is used in the sizing calculations
later. This low-end commercial fuel stack has a spe-
cific power of 0.1 kW/kg based on the fuel stack plus
controller weight.

The primary losses occurred at the DC-DC con-
verter, the diodes used to control power sharing,
and the tether that delivered power to the load.
Only the first is used in sizing later. The percent loss
due to the DC-DC converter was found experimen-
tally at a sweep of power levels using a bench-top
electronic load in Ref.> and found to be an average
of 25%. This steady-state characterization was com-
pared to transient conditions during a quadcopter
flight. Figure 2 compares the steady-state prediction
(25% loss) to the measured power loss after the DC-
DC step down, which was smaller during the actual
flight (13% loss). This flight test value was used as
the balance of plant power loss in the sizing calcu-
lations presented later.
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Table 1: Mass breakdown of experimental setup

Component Mass (g) % of Total Mass
Fuel Stack Fuel Stack (300 W)

Supply Valve

Purge Valve

Cooling Fan

Total 2901 44.6

FS Controller 433 6.7

Display, FS 66 1
Balance of Plant/  Battery for Controller 216 3.3
Accessories DC-DC Converter 943 14.5

Data Loggers (4) 158 2.4

Displays, Data Logger (4) 54 0.8

Cable Stub, DC Converter In 30 0.5

Cable Stub, DC Converter Out 28 0.4
Hydrogen System Hydrogen Regulator 840 12.9

Hydrogen (35 L at 515 psig) 602 9.3

Tube, Hydrogen Inlet 14 0.2

Tube, Purge 3 0.05
Total 6503

Fuel Stack Power

Jr Mwl

Power After DC-DC Converter - Steady-State Prediction ‘

bty

0
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Figure 2: Power after DC-DC step down during quad-rotor hover - steady state prediction versus experi-

ment.
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3. MODEL DEVELOPMENT

3.1. Fuel Stack Steady-State Model

Power plant sizing calculations require steady state
voltage versus current (i-v or polarization) curves. A
steady-state model was developed based on a text-
book description of the underlying electrochemical
behavior of a fuel stack?>, extended to include em-
pirical corrections for fuel stack temperature and
humidity based on data from Ref.2® and?’. Then,
transient operating characteristics were modeled
using an equivalent circuit network (ECN). The ECN
model captures the principal characteristics of tran-
sient dynamics28293%3" through a capacitative (first
order) linear behavior. The circuit elements that
determine the underlying time constants are cali-
brated using in-house experiments using the setup
described earlier.

In Fig. 3, data from the fuel stack used in this
paper are represented as FC-1 Data-1. The voltage
is normalized by the number of cells in the stack
and current is normalized by the total active area
of the stack. FC-1 Data-2 is data from the same
stack but from the manufacturer's specifications.
They are close, as expected. Two other data sets are
shown for comparison. FC-2 is from a state-of-the-
art, aerospace grade, complete stack similar to that
used by DLR. FC-3 is a single fuel cell tested by Yan2®
at 1 atm and 80°C. The power density in Fig. 3b is
simply the product of cell voltage and current den-
sity shown in 3a.

The details of the model are described in Ref.>;
the key results that enter sizing are summarized
here. The calibrated constants are given in Table
2. The voltage v(/) is a function the current den-
sity / and is equal to the ideal or open circuit volt-
age E, minus activation, ohmic, and concentra-
tion losses. It consists of eight empirically derived
thermodynamic constants: a4, a.c, ipa, loc (Unitless
constants), C (constant in volts), ASRq (area spe-
cific resistance in Qcm?), i, (limiting current in
A/cm?), and ijeax (leakage current in A/cm?). The fit-
ted models are shown as lines in Figs. 3a and 3b.
The main difference is the high current and power
from higher quality cells. Later in the sizing section,
the polarization curve of FC-3 will be used, which is
realistic but still conservative for an aerospace fuel
stack.

At a given pressure (here, 1 atm) the steady-state
characteristics depend mainly on the temperature
and humidity of the anode and cathode. Cell-level
data obtained from Ref.?® were used to find the
variation of the thermodynamic constants of the
model with temperature and humidity. The results
can be found in Ref.>. While these relations are
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Figure 3: Steady state characteristics of three differ-
ent fuel cells; data and models.

available in the model, only one set of conditions
were assumed for the Sizing section of this paper (T
= 80°C, CRH =100%, ARH = 100%).

Page 6 of 32

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



Table 2: Thermodynamic constants for fuel cell
steady state models

FC-1 FC-1 FC-2 FC-3

Data-1 Data-2
ap 1.1 11 1.1 11
oc 0.18 0.15 0.17 0.15
IoA 3e4 3e4  3e4 01
ioc (A/cm?) 1e-4 1e-4 1e-4 1e-4
i (A/cm?) 0.31 0.35 0.8 0.85
fjeak (A/cm?)  0.005  0.005  0.04 0.0
Cc (V) 0.01 0.06 0.005 0.15
ASRq (Qcm?) 0.2 0.002 0413  0.07

3.2. Fuel Stack Transients

To model the fuel stack’s transient operating char-
acteristics, an ECN for a single polarization model
was used, shown in Fig. 4. E, is the open circuit volt-
age. V and / are the voltage and current output by
the fuel stack, respectively, where / is now a func-
tion of time. Rs is the electrolyte resistance (ohmic
resistance in steady state) and R.: is the charge
transfer resistance causing a voltage drop across
the electrode-electrolyte interface (activation and
concentration losses in steady state). Cy; is the di-
electric or double layer capacitance, which accounts
for the transients and models the effects of charge
buildup in the electrolyte at the anode-electrolyte or
cathode-electrolyte junctions.

Figure 4: Basic equivalent circuit network of fuel
stack.

The voltage V for current / is given by,

(1 V= Er - Rs/ - Rct/2
=E,— (Rs + Rct)l + Rct(l - /2)
= VUss + Ree( — 12)

()

where /5 is found from the derivative of the voltage
balance around the smaller loop,

(3) RetCaila+ =1
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A more detailed derivation is available in Ref.5.

Here, vss = E; — (Rs + Rg;)! is the steady-state
cell voltage corresponding to Fig. 3. This transient
model collapses to the steady state model when the
system is operating in steady state (when /[, = O,
I» = I, s0V = vss). The values of the circuit com-
ponents R.; and Cy4; were determined empirically.
This was achieved by connecting the fuel stack out-
put directly to an electronic programmable load. A
step current was drawn from the fuel stack and the
transient voltage response was recorded. A sam-
ple of this data along with the empirically calibrated
constants for two different current levels are given
in Fig. 5 and Table 3. As depicted in Fig. 5, the magni-
tude of the transient is R+ times the size of the cur-
rent step A/, and the time for the voltage to achieve
steady state is approximately 47, where T = R+ Cy;
is the time constant. For the response to a step in-
put, the model is given by the following equation,
where t is the time after the step change in current
occurs and A/ is the magnitude of the step change.

(@) V=E —AIRs— AR (1 - e—f/<Rchd/>)

0.96 -

Voltage, V
e o o o o
(-] (-] @0 @0 (<]
- N w £ (4]

e
©

e
©
©

0.88 -

4R Cy

0.87 . . . . L
171 172 173 174 175 176 177 178

Time, s

Figure 5: Voltage response to a step current drawn
from a fuel stack.

The values of Rs, Rct, and C4; were found to de-
pend on the magnitude of the current. They were
calibrated separately for a very low current and a
nominal current, as shown in Table 3. The resis-
tor values are much lower at the nominal current,
which indicates that the transients are of smaller
magnitude and duration than at low current.
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Table 3: Fuel stack ECN components calibrated for
different current ranges

Low Curr Nominal Curr
Curr Density, A/cm? 0.01-0.04 0.07-0.18
R., Q cm? 2.57 0.60
Rer, 2 cm? 1.22 0.09
Can F 0.23 0.26
Time Constant, s 0.28 0.023

3.3. Battery Steady State Model

In a battery, the open circuit voltage E, is no longer
constant (like it is in the fuel cell), but instead is a
function of the battery’s state of charge (SOC). The
SOC describes the fraction of charge (in Ampere-
hours, Ah) remaining in the battery over the total
charge C (Ah) possible for supply. In its simplest
form, it is given by Eq. 5, where / is the current
drawn in Amperes, and t is the time in hours.

1
(s) SOC=1- C/ldt for discharge

1
= = /
C/dt

However, C itself can be a function of /, so
this equation is hard to apply when the current
changes with time. Typically, for Li-ion batteries,
C = Crer/aB, where Crer is capacity at a refer-
ence current /grerF and (/) and B(/) are rate fac-
tors associated with other currents and tempera-
tures. Then, a more appropriate expression for SOC
is,

for charge

(6) SOC=1-

/aﬁ | dt for discharge
CRrEF

/aﬁ/dt

The rate factors o and G have to be determined
empirically. The quantity /dt is the actual amount of
charge supplied or delivered to the load; the quan-
tity a3/ dt is a notional amount of charge released
or depleted from the battery with which the state of
charge SOC is to be calculated.

A representative set of rate factors based on
Ref.3? are,

= for charge
CreF

(7)
(8)

/ /
a(l)=1+04 < - 1> REF
IrerF CrEF

B(T°C)=1-0.02093(T — TreF)
where Trer = 23
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Temperature also reduces the open circuit volt-
age (at all SOCQ).

(9) AEr = 0.011364(T — TREF)

The variation in E, with SOC means there is
not a unique steady state |-V curve as with the
fuel stack. As current is drawn, the SOC and E,
drop. This effect must be modeled. A fully empirical
model based on the classical work of Shepherd33 is
adopted. For a constant current draw per unit area
i, the Shepherd model has the following form.

(10) v=E,—IN
where
K
(11) Er:Es—ﬁH—Aexp[—B(l—SOC)]

E, is the open circuit voltage and v is the battery
output voltage. E; is a constant potential in volts,
K is a polarization coefficient in Q-area, N is the
internal resistance times unit area in (2-area, and
A'in volts and B (unitless) are empirical constants.
SOC is the area specific state of charge. The origi-
nal Shepherd model uses SOC from Eq. 5; if & and
(3 are available, Eq. 6 should be used instead. In to-
tal, 4 empirical constants: £5, K, A, and B describe
the open circuit voltage E, as a function of SOC, and
the additional constant N is the resistance needed
for closed circuit voltage v.

To calibrate the model for E,, the battery was
connected directly to a battery analyzer which dis-
charged the battery at a very low constant / and
measured v. The unit area was defined as the area
of the cell, so the current density (current per unit
area) is equivalent to the total current drawn from
the battery. N was taken to be the summation of
Rs and Rct, the internal resistances of the battery,
which were calibrated using the same method de-
scribed in Section 3.2 for the fuel stack - by draw-
ing a step current and recording the resulting volt-
age. The remaining values were calibrated empiri-
cally based on the discharge data.

The discharge data are shown in Fig. 6 and 7 for
a 30 C, 2800 mAh, 3 cell lithium ion battery. Fig-
ure 6 uses a model based on the six empirical con-
stants extracted from the 0.07 C discharge data, and
shows how the model performs at different cur-
rents. Figure 7 uses empirical constants extracted
from the 3.6 C discharge data. The main cause of
this discrepancy at high currents is the change in K
with current, obvious from Fig. 7, which shows how
the model performs when the constants are ex-
tracted using data from 3.6 C. Here, the discrepancy
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is shifted to low currents. None of this is surprsing;
even though the Shepherd constants have some ba-
sis in underlying phenomena, empirical models are
always inadequate as prediction models; at best the
constants can be evaluated for several current lev-
els, as shown in Table 4.

The values for three different discharge currents
are listed in Table 4. The resistance N was extracted
from step input experimental data, and is equiva-
lent to Rs + Rt of the battery from Table 5 pre-
sented later. The capacity C was extracted by fit-
ting the constant current discharge data. This value
is validated by comparing to the 'Discharge Capac-
ity’, which is calculated for each test by multiply-
ing the current and the duration of discharge. It is
slightly lower than the empirically fit capacity C, be-
cause the discharge was stopped when the battery
voltage reached 9 V to avoid damaging the battery.
Most of the constants vary with the operating cur-
rent.
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Table 4: Shepherd battery model constants for 2800 mAh, 30C, 3 cell lithium polymer battery

Very Low Current Low Current Nominal Operating Current

Discharge Current, A 0.2 0.4-0.6 10
Discharge C-rate, h—! 0.07 0.14 3.6
Discharge Capacity, Ah 2.54 2.61 2.54
Es,V 1.3 1.3 1.3
K, (2-area 0.25 0.1 0.015
Q, Ah/area 2.6 2.65 2.7
N, Q-area 0.076 0.076 0.028
AV 1.35 1.35 1.2
B 3.4 34 7.0
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3.4. Battery Transient

The transient behavior of a battery can be mod-
eled by an ideal ECN, like that of the fuel cell, for
both are DC electrochemical sources. However, the
open circuit voltage E, is no longer constant, but
instead a function of the battery's SOC. Many tran-
sient lithium ion battery ECN models have been de-
veloped in the past two decades for design of power
systems in consumer electronics (see Ref.3%34 for
example) and hybrid-electric cars (see Ref.24). All of
these models are semi-empirical and require exten-
sive battery testing for temperature and frequency
effects. The £,(SOC) would also have to be input
separately as a function of temperature for all mod-
els.

The Shepherd model for E,(SOC) is retained to
capture the nonlinear behavior of the steady-state
and paired with an ECN model to capture the gen-
erally linear behavior of the transients. The tran-
sient model uses the same circuit diagram shown
earlier in Fig. 4. The constants Rs, Rc¢, and Cq; are
extracted using the same method as the fuel stack.
The results for low and nominal current ranges are
presented in Table 5.

Table 5: Battery ECN components calibrated for dif-
ferent current ranges

Low Curr Nominal Curr
Current, A 0.01-2.4 9.3-13.5
C-rate, h—! 0.0036-0.86 3.32-4.82
R, 2 0.042 0.021
Rqt, 2 0.034 0.007
Cy, F 268.15 242
Time Const,s 9.12 1.69

While the capacitor values are larger than for the
fuel stack, the resistor values are smaller. This man-
ifests as voltage transients of a lower magnitude
but longer settling time compared to the fuel stack.
The time constant of the battery is approximately
one order of magnitude larger than that of the fuel
stack.
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4. MODEL VERIFICATION

For lithium-ion batteries and PEM fuel stacks to be
used in eVTOL, they must be able to respond to
rapid transients caused by maneuvers or electrical
faults. Experiments data were acquired to verify the
models in the presence of these rapid transients.

Figure 8 shows fuel stack voltage with intention-
ally high amplitude and frequency transients. The
results indicate that the model is generally capa-
ble of capturing the amplitude and waveform of the
fuel stack’s transient I-V characteristics. A small ver-
tical shift is visible between model and experimen-
tal voltage, which can be attributed to measure-
ment error or variations in temperature and humid-
ity between the time of this test and the time of
the steady-state model calibration (used to find vss
in Eg. 1). The primary error in the model occurs at
the beginning of the test, which appears as a longer
transient behavior that occurs upon startup of the
fuel stack, not captured by the present model.

The transient model is compared to the steady
state in Fig. 8b. This steady state model is based on
the FC-1 Data-1 model in Fig. 3a. This comparison re-
veals the first major conclusion: the transient model
is almost identical to the steady state model. The
steady state model is capable of capturing almost
all of the behavior in the normal range of operat-
ing currents, so the transients in the fuel stack are
not significant. This is a reflection of the fact that
the values of R, and Cy, in Table 3 are fairly small
for the normal operating current range. The error at
the beginning of the test duration is perhaps due to
a second, larger internal capacitance not captured
by the ECN used in this model.

Similar data were collected for the lithium ion
battery (Fig. 9). The model in this figure uses the em-
pirical constants from the third set presented in Ta-
ble 4. All three sets of constants were investigated
and showed very small differences of less than 0.15
V. Comparison revealed the second key conclusion:
unlike the fuel cell, here, the transient model is
slightly different from the steady-state model, and
in general provides an improved waveform. How-
ever, like in the fuel cell, there is again a vertical shift
between the model and experimental voltage. The
experimental voltage is lower, so it cannot be due
to heating (rise in temperature increases voltage),
but perhaps due to rate effects at higher currents
(higher current reduces voltage), not included in the
model (¢ = 1 in the model). Additionally, discrep-
ancies could be due to the battery’s total capacity
degrading over use; the constant voltage discharge
data used to calibrate the model was collected after
the transient experiment, and the battery’s capacity
had reduced from a nominal 2.8 Ah to a lower 2.6
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5. DEMONSTRATION OF POWER SHARING

5.1. Unregulated

The battery and fuel stack are connected in parallel
and used to power a tethered quadcopter. The data
from each power source and the quadcopter load
are shown in Fig. 10. The flight test demonstrates
the viability of using the two power sources in a hy-
brid power plant. The architecture for the unregu-
lated system is trivial; the two components are con-
nected in parallel with only a diode in series with
the fuel stack and a DC-to-DC converter, the same
arrangement shown earlier in Fig. 1. The power flow
is not regulated at all; the two components are left
to operate based solely on their j-v characteristics.
The key conclusion from Fig. 10 is that they form a
natural combination working in tandem - the bat-
tery voltage drops with depleting SOC, diminishing
its share of power. This causes the fuel cell voltage
to also drop, increasing its share of power (Fig. 3).
Thus, the total power supply is maintained. Regula-
tion would be required to force them to not work
in tandem, and instead share the supply of power
as desired. This is an essential requirement for eV-
TOL, where the fuel stack is sized to low power
cruise mode and the battery supplements during
high power segments of the mission to minimize
power plant weight.
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Figure 10: Experimental power, current, and voltage
of battery, fuel stack, and quadcopter during hover.
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5.2. Regulated

A regulated system would conserve battery energy
and use hydrogen energy whenever possible, be-
cause hydrogen energy is more weight-efficient.
The battery would only be used during high power
portions of the mission to supplement the fuel
stack. Additionally, if the battery is depleted, the
excess power from the fuel stack can be used to
recharge the battery. This is illustrated in Fig. 11.

In the regulated case, the battery no longer dis-
charges during the low-power phases: spin-up, tran-
sition, cruise, and spin-down. Thus, less energy is
drawn from the battery and more from the fuel
stack. The regulated power sharing strategy re-
duces the total weight of the power plant compared
to the unregulated strategy because batteries suffer
from low specific energy but higher specific power.

Power

Fuel
Stack

Time

Figure 11: Power supplied by fuel stack and battery
in regulated operation for a notional mission power
profile.

To implement the regulated power sharing archi-
tecture, a circuit was constructed based on a mod-
ification to a circuit in Ref.’. It is shown in Fig. 12.
The fuel stack and battery are still connected in par-
allel with a diode to prevent current flow into the
fuel stack. The additions to the unregulated circuit
are the DC-DC step up and the two switches to con-
trol charging or discharging of the battery and the
DC-DC step up. The switches are voltage controlled
solid state relays activated by an Arduino. When the
relay on the left is closed, the diode in that branch
limits the current flow so that the battery can only
discharge. When the relay on the right is closed in-
stead, the diode in that branch channels the cur-
rent flow in the direction to charge the battery. The
step up increases the voltage to charge the battery,
which allows for faster charging.

The Arduino sets the switches open or closed de-
pending on the battery voltage and load power. The
various operating states are described in Table 6.

+ State 1: The battery is fully charged and the
load power is low. All the power is supplied by
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Figure 12: Circuit diagram for regulated power sharing operation.

the fuel stack, and the battery is completely
disconnected from the circuit. Charging is not
allowed to avoid overcharging the battery.

State 2: The battery is fully charged and the
load power is above that which can be supplied
by the fuel stack alone. The battery discharge
switch is closed, allowing the battery to share
the load with the fuel stack.

State 3: The battery is partially depleted but
still above its safe minimum voltage. The load
power is low. The battery is prevented from dis-
charging because the fuel stack is capable of
providing all the necessary power.

State 4: The battery is in the same range as 3,
but the load power is above that which can be
supplied by the fuel stack alone. The battery
discharge switch is closed, allowing the battery
to share the load with the fuel stack.

State 5: The battery is completely depleted to
its minimum safe voltage. The load power is
low. The battery discharge switch is open so
it cannot provide power to the load. The fuel
stack provides all the power to the load and
also charges the battery if excess power is
available.

State 6: The battery is completely depleted but
the load power is above the maximum fuel
stack power. However, to prevent damaging
the battery, it is still not allowed to discharge.
If this case is ever reached, the battery was not
sized adequately for the mission.

State 7: If the battery charge or discharge cur-
rent exceeds the maximum rated current, the

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018.

switches open to disconnect it from the circuit
as a safety precaution.

The first six states are demonstrated experimen-
tally in Fig. 13. For this demonstration, the cutoff
for 'high’ or 'low’ load was 20 W. This is an arbi-
trary number chosen for illustration purposes. The
cutoff for 'high’ battery voltage was 12.3 V and the
cutoff for 'low’ battery voltage was 11.3 V. The blue
'Dchg’ and red 'Chg’ lines indicate the time segments
where the battery is discharging and charging, re-
spectively.

When the fuel stack and battery are power shar-
ing (cases 3 and 5), the sum of the fuel stack and
battery currents equal the current received at the
load (Ifs 4+ lpat = l10aq). The sum of the fuel stack
and battery power is slightly greater than the power
received by the load (Prs + Prar > Pload), due to
losses across the diodes and wires. The same is true
for the other cases - current in conserved and accu-
rately illustrates the ‘power sharing’, while power is
not conserved due to losses in the circuit.

The circuit used in this demonstration is the one
shown in Fig 12, with the exception of the DC-DC
step up, which is an optional additional refinement
to be incorporated in future work. Without the DC-
DC step up, the voltage to charge the battery is
lower, and thus charging occurs more slowly, which
is undesirable. However, even without the step up,
the total battery mass (driven by total required bat-
tery energy) for the notional mission is smaller in
the regulated circuit compared to the unregulated
circuit.
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Table 6: Operating states of power sharing control circuit.

State Battery Voltage Load Current Switch States Power Source
Discharge Charge
1 High Low 0 0 Fuel Cell
2 & High 1 0 Fuel Cell + Battery
3 . Low 0 1 Fuel Cell + Charge Battery
4 Medium High 1 0 Fuel Cell + Battery
5 Low Low 0 1 Fuel Cell + Charge Battery
6 High 0 0 Fuel Cell
Battery Current High
7 (Safety Disconnect) ° 0 Fuel Cell
— — Battery . 100
= 100 |— Fuel Stack - . — Battery
bt Load = —— Fuel Stack
°;’ 50 /-/ 5 507 Load
° | -z LTI~
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Figure 13: Demonstration of power sharing circuit's six operating modes. Critical load cutoff marked at 20
W, critical high and low voltage cutoffs marked at 12.3 and 11.3 V respectively. Blue ‘Dchg’ and red 'Chg’ lines
indicate battery discharging and charging, respectively. Green boxes indicate the state demonstrated at
each segment of time.

6. POWER PLANT WEIGHT ing. These weights depend on the operating char-

acteristics (models of which were described earlier)
This section describes models to calculate fuel cell  desired from the power plant. Also described are
and battery system weights required for aircraft siz-
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motor weights.

6.1. Motors

Several manufacturers have introduced AC perma-
nent magnet synchronous motors for powering air-
craft in the past few years. Figure 14 shows weights
of 23 motors from six manufacturers (Thin Gap,
Joby, EMRAX, YASA, Siemens and UQM), plotted ver-
sus maximum continuous torque and power. Of
these, 17 motors are designed for aeronautical ap-
plications. The motors range from 4 — 260 kW con-
tinuous power, 3—1000 Nm continuous torque, and
1.3 — 95 kg weight. The inverter/controller weight
lies between 16—28 kg for the heavier UQM motors.
The operating voltage is typically between 250—425
volt DC.

Several weight trends can be found in recent lit-
erature™'>35, Here, only the 17 aeronautical mo-
tors are used. Figure 14 shows how the weights
of these motors scale with maximum continuous
torque. They follow the relation,

In Wkg =—-091+0.711In Q/\/m

(12) Wig = 0.4025 Q%1 with = 30% error
InWikg = —0.89 + 0.89 In P

UQM motors oo
non-aerospace P

m
oo

In(Weightkg)
N

Aerospace
applications

1 2 s 4 5 & 7
In(Torque,, )

Figure 14: Motor weight versus continu-

ous torque with :=30% error bands; log

scale.
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6.2. Lithium lon Batteries

The Li ion battery model assumes ns units in series
arranged in n,, cells in parallel. The total number of
cells is np x ns. A schematic is given in Fig. 19. The
series-parallel arrangement allows for adding en-
ergy while keeping a fixed voltage output. The cells
are assumed to be identical. The battery voltage is
Vs = ns ve. The current through each cell is ic. The
currents add, so the battery current /g = np Ic, or
equivalently the battery capacity Cg (Ampere-hour,
Ah) is related to the cell capacity C. as Cg = np Cc.
The energy capacity Eg (Watt-hour, W h) is then
Eg = Cg Ve = npns Ccve = npnsEc which is
the total number of cells in the battery times the
energy capacity of each cell. The battery weight is
calculated from the weight of each cell.

For a known output voltage Vg, mission energy
Eg, and a choice of cell C., the minimum weight
is calculated as follows. The main equation is the
cell weight versus capacity based on statistical fit of
current generation Li ion cells. The data in Fig. 15
are from twelve manufacturers; however, the equa-
tion uses data from only eight that are specif-
ically designed for electric cars (shown as filled
symbols in Fig. 15): AESC (NISSAN Leaf), LG Chem
(Renault), Li-Tec (Daimler), Li Energy (Mitsubishi),
Toshiba (Honda) and Panasonic (Tesla Model S).

ns = VB/ Ve

Cg="8/\, ¢ or Eg/vs,
(whichever is greater)

(ve = 3.7 volt for Liion)

(13) np = "8/ ap,
we = (0.0075 + 0.024 Ah.) fr
Wpg = we np ns

(kg)
(kg)

The inputs are voltage output Vg (volt), maximum
power Pg (Watt), and the C rating ¢ (hr™1). Pg/Vz
is the current draw /5. The minimum battery weight
is found when /g is the maximum (continuous, for
the duration of Pg) discharge current. Then, Ig =
(Cp. If the C-rate ( is known, the required charge
capacity Cg can be found.

Consider a segment of a mission where power
Ps (W) is required over time At. If the voltage is
Vs (V), then the charge capacity needed will be
ACg = PgAt/Vg. However, if the C-rate is ¢, the
power delivered can at most be (ACgV. To ensure
this equals Pg, the charge capacity must at least be
ACB = PB/CVB- Thus,

PsAt P
(14) ACB:max( 5 B>

Ve ' (Vs

where the first quantity is the capacity required to
delivery the energy required, and the second is the
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capacity required to deliver the power required. If

the second i

S greater, it means more energy is nec-

essary for the mission than is being carried just to
satisfy the power demand.
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The optimal condition is when both are the same.

(15) ¢ =1/At

For example, if high power is required only for 5
min (e.g. for hover), then ¢ = 5/60 hr~1. If a bat-
tery of this C-rate is not available, then more capac-
ity must be carried on board than what is needed to
deliver the energy. Typically, Li-ion chemistries that
store high energy have low C-rates and vice-versa
(2-4 C for 80-100 Wh/kg; 0-1 C 150-200 Wh/kg), thus
the total capacity must be evaluated carefully based
on power segments and available C-rates.

In general, for constant power, Pg /( gives the
energy in Watt-hr. For varying power, the energy is
input from the mission, and the ¢ found from the
maximum power required. ns and n, are rounded
to higher integers. The factor fr is a technology
factor; fr = 1 places the specific energy at 150
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Wh/kg for ¢ = 1 which represents a nominal state
of the art at the battery level. The state of the art
in cell level energy and power of these Li ion bat-
teries are shown in Fig. 16. The cells used for the
weight equation can be found along the 1 hour
endurance line (except for the NISSAN Leaf which
falls near the 2 hour endurance line). The energy
is obtained assuming up to 80% discharge and the
power is based on the maximum continuous C-
rating. Some of these cells are designed for higher
power (greater maximum continuous current, i.e. C-
rating) and some for higher energy, but it is appar-
ent that in general they are energy limited, and only
able to provide high specific power for short dura-
tion (less than 15 minutes).

6.3. PEM Fuel Stack

Proton Exchange (or Electrolyte) Membrane (PEM)
fuel cells have lower specific power compared to
batteries (due to a heavy balance of plant) but can
provide dramatic increase in energy stored due to
its hydrogen fuel. The degradation of its perfor-
mance with low pressure is a problem in aeronau-
tics, but not for on-demand air-taxi eVTOL, where
the flight altitudes are expected be remain low.
The problem of hydrogen storage and boil-off is
also less significant in aviation compared to cars,
and lesser even for on-demand air-taxi eVTOL, be-
cause of the shorter duration missions and only a
few hours of hydrogen storage compared to weeks.
Thus the significant progress made in the past
decade toward lighter gaseous hydrogen storage
can be exploited to full advantage.

A PEM fuel cell system consists of the stack and
the hydrogen tank. For the stack, statistical weight
models are difficult (see Fig. 17 for stacks of 0.4 —
100 kW of continuous net power), because of dras-
tic variations based on cost (cell materials/catalyst),
duty cycles (construction), and applications (house-
hold to cars to aircraft APU to UAVs). Specific pow-
ers can easily range from 0.1 kW/kg for inexpensive
laboratory grade stacks to 2.0 kW/kg for expensive
automobile stacks.

A model suitable for design is one that is con-
nected to stack geometry, materials, and operating
characteristics so that improvements in constituent
parts can flow into sizing. A simple model can be
constructed as follows. Cells, shown in a schematic
in Fig. 19, are assumed to be in series within a stack
(which they typically are). Each cell is essentially a
membrane electrode assembly (MEA). If the cross
sectional area is ks times the active area A, the
area density of each MEA p. (kg/m2), thickness t.
(m), np cells in a stack, and an overhead fraction of
no (to account for gaskets, seals, connectors and
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end plates), then the weight Wrs and volume Lgg
become

Wes = now Wrs + np ka Ac pc

Lrs =morL Lrs + npkaAc te

The maximum power output P, is related to the
maximum cell power density pcmax by Pmax =
Pcmax Np Ac. Then the weight model is

ka Pmax(1 + fgop)
1 —now

(16) Wgs =

pcmax

A value of k4 = 4 (conservative) is assumed in this
paper. Published data from Honda*' and Toyota®3*
suggest p. = 1.57 kg/m?, t. = 0.001301 m and
Now = 0.3. The number of cells and active area are
found from output voltage and power as: n, = V/ v,
and Ac = P/(np pc). The design cell voltage v, (for
maximum continuous power) is selected either to
minimize the combined stack and tank weight or to
ensure enough power margin (adequate maximum
rated power). The factor fgop is the 20% balance of
plant power for the fuel stack used in this paper.

The fuel flow rate, at any given power, is related
to the cell voltage. Corresponding t0 pcmax, @ Vemax
can be found from the cell / — v characteristics. In
general, at any power P, cell power density is p =
P/n, Ac and given p, the corresponding v can be
found. The fuel flow rate is

my P(1+ fgop)

(17) Wg = An = y

and tank weight

(18) Whor = —— /W[: dt
NnBo Wy,

where A\ is the effective stoichiometry (1 for no
loss in hydrogen utilization), my is the molar mass
(2.016 x 1073 kg/mole), N = 2, F = 096485
Coulomb/mole, P is the stack output power in Watt,
v the operating cell voltage in volts, and ngo is the
boil-off efficiency factor. The effective stoichiometry
Ay = Sy ny, where Sy is the chemical stoichiom-
etry (number of hydrogen molecules participating
in reaction = 1) and 7y is the hydrogen utilization
factor (typically 1 — 1.02). The tank weight Wt
is found from fuel weight Wg divided by the tank
weight fraction w%. For compressed hydrogen at
350 or 700 bar, the state of the art for long duration
storage is 5.5% (wo, = 0.055) (see Fig. 18). Tolerating
some hydrogen boil-off should allow greater weight
fractions of 7.5% - 15%, or perhaps even 30%. The
tank model is simply this weight fraction.
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7. EVTOL SIZING

Sizing involves calculating the minimum gross (total)
take-off weight (WsT0, Ib) and engine power (Py,
hp) needed to carry a prescribed payload (Wp 4y, Ib)
over a prescribed mission. The major dimensions
of the configuration — rotor(s) radius and solidity
and wing(s) span and chord — fall out of sizing. If
the maximum power is prescribed as an input, siz-
ing involves calculating the maximum gross take-
off weight and payload. If power and gross take-off
weight are both prescribed (as in the Uber paper4),
then the aircraft is already sized, and the task is only
to find the payload.

We begin with the last assumption, that is, both
maximum power and gross weight are prescribed
(following the Uber paper), then proceed to sizing
with only the maximum power prescribed. An ele-
mentary mission is considered, representative of a
simple on-demand intra-city air-taxi operation: only
5 minutes of hover and 1 hour of cruise.

7.1. Power and Gross Weight Prescribed (Uber
Elevate)

The Uber Elevate paper gives a maximum hover
power Py of 500 kW (670 hp) and gross take-off
weight WsTo of 1800 kg (4000 Ib) (see Table 7 for
other requirements). The power loading WsT0/PH
(6 Ib/hp) is compared with existing VTOL aircraft in
Fig. 20. The power loading varies with disk loading
(DL = WgsT0/A where Ais the total disk projected
area of all lifting rotors) as per the text book expres-
sion:

1 DL
(19) PH = m WGTO 2p

where p is the air density and FM the Figure of
Merit (ideal induced power in hover divided by ac-
tual power). With an efficient rotor (high Figure of
Merit, between ~ 0.6 —0.8), the disk loading will fall
in the range of 15 — 20 Ib/ft> — closer to tiltrotor
values than edgewise rotor helicopters. High disk
loading implies smaller rotor(s), therefore less drag
in cruise, resulting in high aircraft lift to drag ratio
(L/D) (Fig. 21).

The power to cruise at speed \( is:

W Ve

(20) PCZW

With W = WgT0o, and cruise power and speeds
from Table 7, the L/D values obtained are clearly
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far beyond what are achieved by current VTOL air-
craft (Fig. 21) (and closer to commercial jetliners).
The sizing results will later show that this assump-
tion is unnecessary; even with realistic L/D with
modest (10-20%) improvements, missions like the
one above can be flown with eVTOL. Figure 22 shows
data from XV-15 tests3®. The aircraft L/D changes as
the nacelle tilts and wing flaps deploy to trim and
fly at different speeds. The lines represent polyno-
mial fits used later in sizing calculations. The dashed
lines indicate 10 and 20% technology improvements.

Table 7: Mission requirements for a representa-
tive on-demand electric-VTOL aircraft from Uber
Elevate4

Requirement Target

Hover/take-off pwr
Max cruise pwr

500 kW (670 hp) MRP
120 kW (161 hp) IRP

- at 200 mph

Max endurance pwr 70 kW (94 hp) MCP
-at150 mph

Range, intra-city 80 km (50 miles)

Range, inter-city 240 km (150 miles)

Gross weight 1800 kg (4000 Ib)

Payload 2-4 people 400 |b

IRP=Intermediate Rated Power, MRP=Maximum Rated
Power, MCP=Maximum Continuous Power.

“\ o Helicopter

14 \ VvV Tandem
d\o\ o Coaxial
12 ?\ \ ¢ Tiltrotor

Power loading, Ib/hp

Disk loading, Ib/ft?
Figure 20: Power loading versus disk
loading of VTOL aircraft; FM lines as-
sume sea-level density on a standard
day.

Page 21 of 32

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



o

Helicopter
V Tandem

= Compound
100 ¢ Tiltrotor

W V/P)

Aircraft L/D (

| | | | |
0 50 100 150 200 250 300
True airspeed, mph

Figure 21: Aircraft L /D versus true air
speed of VTOL aircraft; the dashed
lines are 10% and 20% improved L /D
from tiltrotor aircraft; stars are based
on target power, speed, and weight
from4
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Figure 22: Aircraft L /D versus true air speed of XV-
15 tiltrotor; the dashed lines are 10% and 20% im-
proved L/D.

7.2. Sizing for Prescribed Power

The maximum power is prescribed as an input. Siz-
ing calculates the maximum gross take-off weight
WeTo and payload Wpay for a range of disk load-
ing DL.

The gross take-off weight is the sum of empty
weight and the useful weight. The empty weight
WE is the structural weight, the power-plant weight,
and a generic group of all other weights (typically
30% of empty weight; fo = Woin/We = 0.3).
This group of all other weights includes the operat-
ing weight (fixed useful load plus weight for equip-
ment and systems), vibration damper weight, and
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any contingency weights. The useful weight is the
payload weight (the purpose of flight) and support-
ing weight (mainly fuel and crew, weight to carry out
the purpose). We consider only fuel in this category,
the crew is included in payload. These break-downs
are shown below.

Weto = WEe + Wyse
(21) Wg = Ws + Wp + Woith
Wuse = Wpay + WrueL

For each disk loading, the steps are:

1. From the maximum engine power, calcu-
late the maximum WgTo. Typically Pyax =
PF Py, where PF is an installed power factor
for excess power and Py is from Eqg. 19. Here,
assume PF = 1 for minimal hover capability.
Consider FM = 0.6 to begin with.

2. From disk loading and number of rotors, find
radius R. With R known, F M can be updated.
Simple momentum theory results are used.
The following are assumed: solidity o = 0.1,
airfoil lift coefficient ; = 5.73 o, drag coef-
ficient c¢g = 0.01 4+ 0.2a2, a is the mean
sectional angle of attack, tip Mach number
M7 = 0.5, induced power factor k;, = 1.10
and ISA/SL conditions (for density p).

3. Calculate cruise power using Eq. 20.

The aircraft weight W varies due to fuel burn
(except for batteries) but the simple expression
with W = WgT0o is appropriate for an initial
estimate. The lift to drag ratio L/D is a func-
tion of cruise speed V¢ and this is where the
configuration enters sizing. For an initial esti-
mate, L/D can be assumed to lie between a
single edgewise rotor and a tiltrotor. Multiple
edgewise rotors are expected to provide lower
L /D due to greater hub drag. Multiple propro-
tors can provide lower or higher L/D, with no
data at present to support either case. So for
this paper, flight test data from the XV-15 will be
used (available in public domain), with a tech-
nology improvement factor of 10 — 20% to ac-
count for potentially lighter rotors and hence
thinner wings.

The variation of L /D for a single edgewise ro-
tor helicopter can be calculated using standard
momentum theory (with appropriate correc-
tions). The aircraft drag area (ft2) is estimated
to be the minimum achieved by current heli-
copters (based on S-76, SA-341 and OH-6A heli-
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copters as proposed by Harris37)

2
B Wero\ "
(@2) F = ke (1000)

where Wgroisinlband kp = 2.5

The variation of L/D for a tiltrotor aircraft re-
quires more detailed calculations because of
varying nacelle tilt and wing flap deflection with
speed. Instead, the XV-15 data for zero nacelle
tilt (rotors in full propeller mode) and zero flap
deflection can be used. This data, shown in
Fig. 21, gives Eq. 23,

where f7 is the technology improvement factor
(fr = 1.1 and 1.2 for 10% and 20% improve-
ment from state of the art (dashed lines in Fig-
ure 21)).

The cruise speed for minimum Pc/V¢, which
by definition is the speed for best range Vzr
(minimum energy spent per distance traveled),
occurs at maximum L /D (Eq. 20). This speed is
used for calculating cruise power.

It is assumed that the lift to drag ratio L/D re-
mains constant for a given disk loading; this
removes any dependence of L/D on rotor ra-
dius, and is perhaps the most lenient (and in-
accurate) of all assumptions.

4. Calculate structural weight from statistical
trends: Ws = 0.24WgsT0, valid between
3000 — 100, 000 Ib gross take-off weight rotor-
craft. These new class of aircraft are not ex-
pected to follow this trend. But it is a lower
bound of current trends and will be a worth-
while target.

5. Calculate power plant weight from weight
models given earlier.

turboshaft: Wp = 1.8 HPY®
battery: Wp = Wiotor
fuel cell: Wp = Whotor

(24)

HPy is the hover power in hp. The statistical
trend for turboshaft is valid between 300 —
20, 000 engine hp.

Calculate fuel weight from total energy re-
quired for the mission.

turboshaft: Wrye; = SFC Epp—pr
battery: Weyeg, = Wg
fuel cell:
Weuer =What + Wruerstack (1 + for)

(25)
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Epp—nr is the mission energy in hp-hr. A SFC
of 0.4 Ib / hp-hr is assumed. fpy is the 15%
weight overhead associated with the fuel stack
used in the experimental setup of this paper.
Note that while the fuel stack is not an expend-
able fuel mass, it is categorized as fuel weight
to provide a fair comparison with the battery.

6. Calculate empty weightt Wg = (Wp +
Ws)/(1 — fwo). The “all other' group is es-
timated as Woipn = fwo WEe. This groups
includes all of the flight controls, hydraulics,
electrical and avionics, cabin furnishing, air-
conditioning, de-icing (if needed), vibration
dampers, and contingency. Typically this group
constitutes up to 30% of Wg for modern air-
craft, so fiyo = 0.3.

7. Calculate useful load and payload
Wyse = WeTo —WE
Wpay = Wuse — Wruer

and iterate steps 1-6.

7-3. Results of Sizing

The steps listed in the previous section were carried
out for a notional mission of 5 minutes hover at 500
kW and 1 hour cruise at 150 mph. This is an elemen-
tary mission appropriate for a new power plant so
that key trends do not get buried inside the details
of start up, shut down, reserves, etc.

The cruise power for edgewise and tiltrotor con-
figurations are shown in Fig. 23. Tiltrotors require
lower cruise power due to higher L/D. For the
tiltrotor configuration, the cruise speed is set to 150
mph, where the maximum L /D is expected (Fig. 21).
The state of the art at this speed is around 7.7 (solid
linein Fig. 21). A20% increase to 9.2 is assumed here
(upper dashed line) to account for technology im-
provements (thinner wings and perhaps many dis-
tributed rotors). Figure 23 shows that for the tiltro-
tor, the cruise power continues to drop with DL;
around 25 Ib/ft?, the cruise power is 180 hp. The
disk loading is the weight divided by total disk area
(of all rotors). As DL increases from 4—30 Ib/ft2, the
power loading, fixed at 6 Ib/hp (Fig. 20) means the
rotor/s are forced to operate at higher and higher
FM. The underlying F M increases from 0.4 — 0.8
(not shown) assuming no airfoil stall.

Edgewise rotors require significantly higher
cruise power. For the edgewise rotor configuration,
the cruise speed is set to the best range speed Vzr
at each disk loading.
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L/D = fr (—0.318 + 0.05126 Vjnpy — 0.0002346 V2, )
L/D = fr (3.47 4 0.01098 Vjn,, — 0.00009889 V2 1))
L/D = fr (4.23+0.04589 V;n,, — 0.0001538 V3, )

(23)

Figures 24- 28 show gross take-off weights and
payload weights for a variety of conceptual power-
plants. Figure 24 shows the results for a conven-
tional turboshaft engine as well as a fuel cell-battery
hybrid power plant. With the maximum power (and
mission) specified, a gross take-off weight of 4000 Ib
requires a DL of around 27 Ib/ft°. The cruise power
is then around 173 hp for the tiltrotor (at 150 mph)
and 390 hp for the edgewise rotor at its best range
speed of 160 mph. For the turboshaft engine, there
is no significant difference in payload between the
two configurations, because 1 hour is too short a
cruise for the tiltrotor to produce the benefit of re-
duced fuel burn. The engine weight, scaled to max-
imum hover power, remains the major contributor
to the power group. This however is not the case for
electric power. The reduced cruise power has a dra-
matic impact on the feasibility of electric flight; only
the tilting proprotor produces a positive payload, so
only the tiltrotor configuration is considered hence-
forth for the electric power plants.

Figure 25 shows the gross takeoff weights and
payload weights for a turboshaft, fuel stack, battery,
and fuel stack-battery hybrid power plant. These
sizing results are based on a two rotor tiltrotor
configuration. They use conservative, flight-proven
technology electric power components. This in-
cludes a battery specific energy of only 150 Wh/kg,
a fuel cell specific power of 0.5 kW/kg, and a hy-
drogen storage weight percent of 5.4%. The bat-
tery power plant assumes that the battery is energy
limited rather than power limited, and is therefore
sized according to its specific energy. The C-rate ¢
is then a fallout. The hybrid power plant includes
a fuel stack sized to accommodate the prescribed
cruise power, as well as a battery portion sized to
accommodate the remaining energy for the mis-
sion. The results show that for this mission, only the
hybrid power plant can barely carry a payload. The
weight break-downs for this case at four different
disk loadings are shown in Table 8. Fuel cells that
provide 0.5 kW/kg specific power still require cus-
tom design. The batteries consist of 68 units of 9
cells, each cell rated at (12C) 100 Ah. These are high
power cells and will also require custom design.

Figure 26 shows the effects of an improvement
in battery technology. It shows that even with a
250 Wh/kg battery, a battery-only power plant is

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018.

for 0 < Vippn < 100
for 100 < Vjppp < 135
for 135 < Vippp < 270

too heavy to accommodate any payload. In con-
trast, Fig. 27 shows the effects of improvements in
fuel cell and hydrogen storage technology. A 7.5%
weight fraction is a reasonable value to use for avi-
ation, where boil-off is of lesser concern than in au-
tomobiles. Increasing the specific power of a fuel
stack to Toyota's reported 2 kW/kg decreases the
weight of the power plant significantly, to the point
where a fuel cell power plant can carry substantial
useful payload.

So, to summarize, a 2-rotor, hybrid, tilting prop
aircraft at the target 4000 Ib gross weight would
carry no useful payload with flight-proven tech-
nology. With the cutting-edge technology improve-
ment factors described above, the useful payload
increases to 860 Ib.

Thus far, the power plants involving batteries
have been sized using specific energy, under the
assumption that specific power (or C-rate) is not a
limiting factor. Figure 28 shows how the payload
weight changes if the battery is in fact power lim-
ited. A battery’'s specific power is based on its C-
rating, which specifies the maximum discharge cur-
rent of the battery. The purple line for C-rating 10+ in
Fig. 28 is the same as the purple line in Fig. 25 for hy-
brid Wp 4y, in which power was not a limiting factor.
The other lines in Fig. 28 show a decreasing payload
weight because the power plant weight is increased
by a larger battery requirement to provide sufficient
power for the mission.
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Table 8: Conceptual designs for a tiltrotor air-
craft for a 5 min hover, 60 min cruise mission

Disk loading, Ib/ft? 10 15 20 27
WsTo, Ib 5866 5136 4571 3994
Rotor radius, ft 9.7 7.4 6.0 4.9
Max hover power, hp 670 670 670 670
Cruise power, hp 255 224 199 174
Cruise speed, mph 150 150 150 150
Whpay, Ib 73 38 23 98
FUEL:

Wec, b 457 400 356  3nm
PEM Wh/kg 451 451 451 451
PEM kW/kg 0.42 0.42 0.5 0.42
H2 kg 20 17 15 13
Tank w% 5.4 5.4 5.4 5.4

WeT, Ib 466 501 530 557
BAT Wh/kg 122 122 122 122
BAT kW/kg 146 1.46 146  1.46
BAT currentin C 12 12 12 12

EMPTY WEIGHT Wg:

Whp, Ib 958 783 679 582
Motors, Ib 677 560 485 415
Controller/inverter, Ib 135 112 97 83
Cooling, Ib 135 112 97 83

Ws, Ib 1407 1232 1097 958

Woen, Ib 1010 864 761 660

The results have shown that a hybrid power plant
is necessary to sustain the long endurance mis-
sions. However, intra-city missions may require only
half an hour of cruise (75 mi at 150 mph). The same
aircraft sizing was carried out for an abbreviated
mission of 5 min hover and 30 min cruise. The re-
sulting payload and gross take-off weights are pre-
sented below.

Figure 29 shows that even for this abbreviated
mission, the hybrid power plant still allows more
payload than batteries or fuel cells alone. For the
target gross weight of 4000 Ib, the disk loading re-
quirement is 27 Ib/ft> with a payload of 150 Ib. The
battery barely breaks even, but is closer to the hy-
brid than previously seen in the longer mission.

Figure 30 shows the results if the cutting-edge
technology improvement factors are used (250
Wh/kg batteries, 7.5 w% storage tanks, and 2.0
kW/kg fuel cells). The payload increases to 1040 Ib
for the hybrid power plant.

However, as in the previous mission, it is impor-
tant to note that these results require a battery C-
rating of at least 10, as shown in Fig. 31. If the hover
time were to decrease to less than 5 min, the C rat-
ing for the optimal power plant would increase fur-
ther. This is because the power required for hover
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remains the same, while the energy required is de-
creased. The battery is sized to meet the required
energy, so the battery weight required for a shorter
hover mission will be smaller. However, since the
power required is the same, for this smaller bat-
tery to deliver the same power, the C-rating will in-
crease. This C-rating is yet to be achieved for batter-
ies of 150 Wh/kg specific energy, so a comparison of
power plant types based on a 6C battery is shown in
Fig. 32. The hybrid is no longer significantly lighter
than the battery power given this constraint on C-
rating.

Based on these results, it is difficult to determine
the best design W0 because although Wpay de-
creases, total WsTo also decreases. Productivity is
a metric used to normalize for this behavior. Pro-
ductivity is defined as the useful work done per dol-
lar. Useful work is Wpay X Viruise and cost scales
closely with We. The expression for productivity
is Wpay X Viruise/WE. Figure 33 shows the pro-
ductivity of the hybrid power plant for different C-
ratings. Based on these results, the optimal eVTOL
for this mission would have approximately: a C-
rating of 10, disk loading of 11 Ib/ft>, WGTO of 5700,
and a payload weight of 430 Ib (based on Fig. 31).
This is achievable with flight-proven technology fuel
cells and batteries, but not with batteries or fuel
cells alone. If the cutting-edge technology improve-
ment factors are used, the effect is dramatic - the
payload increases to 1570 |b. The greatest impact
comes from increasing the fuel cell specific power
to 2 kWrkg.
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The final mission is the shortest: 5 min hover and
15 min cruise, capable of covering 38 mi at 150 mph,
which is barely sufficient for an intra-city commute.

Figure 34 shows the Wpay of different power
configurations for a variety of disk loadings. For this
mission, the battery-only power is best. This is be-
cause less energy is required for the mission, and
a relatively large portion of it is at high power, so
there is limited payoff for the high energy hydro-
gen fuel. Furthermore, aside from weight consider-
ations, the combined system also introduces more
complexity, not worth the marginal gain in payload.
For a target gross weight of 4000 Ib, the battery-
only system can carry a payload of 490 Ib. Account-
ing for cutting-edge technology improvement fac-
tors (250 Wh/kg batteries, 7.5 w% storage tanks, and
2.0 kW/kg fuel cells), the hybrid configuration be-
comes slightly favorable. The 4000 Ib vehicle is then
able to carry a 1130 Ib payload with a hybrid power
plant (plot not shown).

Figure 35 shows how an improvement in battery
specific energy to 250 Wh/kg would change the air-
craft payload. The fuel stack technology improve-
ment results are identical to that of the longer mis-
sion, shown in Fig. 27, because the fuel stack is sized
to the maximum power, which remains the same
for the abbreviated mission.

For this shortest mission, the battery-only config-
uration was chosen to investigate the effects of lim-
ited C-rating. The results are shown in Fig. 36. A C-
rating greater than 3 C, and ideally around 6 C, is still
needed for the battery power plant, and greater still
for the hybrid.

Figure 37 shows that if the C-rating were limited
to 6 C, the battery only configuration would still be
preferable to a hybrid configuration.

Figure 38 shows the productivity of the battery-
only power for various C-ratings. Based on these
results, the optimal aircraft would be battery pow-
ered and would have approximately: a C-rating of 6,
disk loading of 18 Ib/ft?>, WsTo of 4800, and a pay-
load weight of 1100 Ib (based on Fig. 36). The hybrid
power plant with cutting-edge technology improve-
ment factors at this disk loading could carry a pay-
load of 1780 Ib.
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8. CONCLUSIONS

The use of hydrogen fuel cells combined with Li-ion
batteries were examined as a potential candidate
to increase range, endurance, and payload of eVTOL
aircraft. Based on systematic hardware testing, ana-
lytical modeling, and eVTOL sizing, the following key
conclusions were drawn:

1.

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018.

The transient nature of electrochemical
sources is primarily driven by a first order
capacitative behavior. Battery and fuel cell
transients can both be modeled using the
same underlying equivalent circuit networks.
The circuit elements, and consequently the
time constants, are different. There are
presently no first principle methods to identify
these components easily, so a semi-empirical
approach is essential.

The models developed in this paper were gen-
erally able to capture the magnitudes and
waveforms of experimental data. Some mean
errors existed for both the fuel stack and bat-
tery. Additionally, the fuel stack model failed to
capture a transient occurring immediately af-
ter it is turned on, and the battery discharge
rate model was less accurate when placed in
parallel with a fuel stack for flight testing. In
general, the voltage model was accurate to
within 5% for both the battery and fuel cell.

The fuel cells used in this research are in fact
faster to respond than batteries, and both are
agile enough to handle rapid power transients
in VTOL, as long as the current remains in the
nominal range. The time constant in the nor-
mal operating range for the fuel stack was 0.02
s and for the battery 1.69 s. There are more sig-
nificant transient behaviors in the low current
(high voltage) and high current (low voltage)
range that require further investigation. These
limits are important for fuel cell eVTOL as they
occur near the highest efficiency and highest
power limits of the fuel cell.

An estimate for the fuel stack balance of plant
power losses was found to be 15-25% of oper-
ating power. This loss was primarily due to the
DC-DC step down, a smaller additional loss as-
sociated with the diodes used for power shar-
ing regulation, and a very small loss due to the
length of electrical wiring.

An estimate for weight overhead of the fuel
stack is 15%, again primarily from power elec-
tronics. This is the mass that would not be in-
cluded in the reported specific power of a fuel

10.

stack. The value is conservative for this small,
low-end fuel stack and step-down.

. For an inter-city mission of 150 miles in 1 hour,

the fuel cell and battery combined power plant
is the only option. At this range and speed, us-
ing flight-proven technology, a tiltrotor aircraft
optimized for productivity (payload weight x
speed / empty weight) has a disk loading of 11
Ib/ft?, gross weight of 5700 Ib, and a payload of
70 |b.

. For a mid-length mission of 75 miles in half an

hour, a fuel cell and battery combined power
plant is the best option. Using flight-proven
technology batteries and fuel cells and 10C bat-
tery power capability, an aircraft sized for this
mission can carry two passengers (400 Ib) with
a gross weight of 5700 |Ib and disk loading of
1 |b/ft?. The battery-fuel cell combination is
again superior to either power source alone.

. For an short intra-city mission of 38 miles in 15

minutes, batteries alone are the lightest power
plant option. For this mission, using 6C batter-
ies with flight-proven energy density, a 4000 Ib
aircraft with a disk loading of 27 Ib/ft? can carry
480 Ib.

. With present cutting-edge (but not yet flight-

proven) technology reported by industry (250
Wh/kg for batteries, 2 kW/kg for fuel cells, and
7.5Ww% hydrogen storage), an eVTOL can carry
four passengers or more for the baseline 150
mile mission. The fuel cell falls barely short of
the battery and fuel cell combined power plant,
so in general a fuel cell power plantis favorable
for its relative simplicity. Maximum productiv-
ity for a pure fuel cell powerplant occurs at a
WesTo of 5700 Ib, a disk loading of 11 Ib/ft2, and
Wpay of 1250 Ib. For a combined fuel cell and
battery power plant, maximum productivity oc-
curs at a WsTo of 5150 Ib, a disk loading of 15
Ib/ft?, and Wp 4y of 1200 Ib. A lighter aircraft of
4000 |Ib gross weight and disk loading of 27 11
Ib/ft> achieves a Wpay of 680 Ib for pure fuel
cell and 860 Ib for combined fuel cell and bat-
tery.

Strategic investments for technology develop-
ment depend on the target mission length.
For longer missions (more than 40 mi at 140
mph), cutting-edge (but not yet flight-proven)
fuel cell power density is incredibly promis-
ing for combined battery and fuel cell power
plants. For shorter missions, improving bat-
tery energy density for battery power plants is
more strategic. For all mission lengths, battery
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power density must also be improved to 6-10 C
for 150 Wh/kg batteries.
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