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The primary drawbacks of battery-powered vertical takeoff and landing [electric vertical takeoff and landing

(eVTOL)] aircraft are their poor range and endurance with practical payloads. The objective of this paper is to

examine the potential of hydrogen fuel cells to overcome this drawback.Thepaperdevelops steady-state and transient

models of fuel cells and batteries, and it validates the models experimentally. It demonstrates fuel cell and battery

power sharing in a regulated parallel configuration to achieve a reduction in powerplant weight. Finally, the paper

outlines the weight models of motors, batteries, and fuel cells needed for eVTOL sizing, and it carries out a sizing

analysis for on-demand urban air-taxi missions. This revealed that, for ranges within 75 miles, a lightweight (5000–

6000 lb gross weight) all-electric tilting proprotor configuration is feasible with current levels of battery specific

energy (150 �W ⋅ h�∕kg) if high C-rate batteries are available (4–10 C for 2.5min). For anymission beyond 50miles,

fuel cells appear to be a compelling candidate. Although fuel cells alone do not offer significant improvements to

batteries, the two electric power sources can be combined for significant payload gains. In the combined powerplant,

the fuel cell is sized to the low-power cruise mode and the battery supplements during higher power. For missions of

less than 50 miles, the combination provides no advantage with current technology, and battery specific energy is the

principal driver.

Nomenclature

Ac = fuel cell active area, m2

ASRΩ = fuel cell area specific resistance, Ω ⋅ cm2

aA = fuel cell activation loss constant for anode
aC = fuel cell activation loss constant for cathode
bA = fuel cell activation loss constant for anode
bC = fuel cell activation loss constant for cathode
C = concentration loss constant, V
Cdl = dielectric layer or double layer capacitance, F
Er = ideal reversible voltage, V
F = Faraday’s constant; 96; 485 C∕mole
i = current density, A∕cm2

Iout = current supplied by fuel stack or battery, A
i0A = fuel cell activation loss constant for anode
i0C = fuel cell activation loss constant for cathode
Nunits = battery number of units in series
ncell = battery or fuel cell number of cells
P = power supplied by the fuel stack, W
PB = power supplied by the battery, W
PC = power to cruise, W
PH = power to hover, W
PkW = power, kW
QNm = torque, N ⋅m
R = ideal gas constant, 8.314 J∕�mol ⋅ K�
Rct = charge transfer resistance, Ω
Rs = series resistance, Ω
tc = fuel cell thickness, m
VC = cruise speed, ft∕s
Vout = voltage supplied by fuel stack or battery, V
υc = cell voltage, V
υss = steady-state fuel cell voltage, V

_WF = hydrogen flow rate, kg∕s
WGTO = gross takeoff weight, lb
WPAY = payload weight, lb
wf = hydrogen storage weight fraction
αA = fuel cell activation loss constant for anode
αC = fuel cell activation loss constant for cathode
ζ = battery maximum current rating (C rate), 1∕h
η = battery charging efficiency
ηact = fuel cell activation loss
ηconc = concentration loss
ηohmic = ohmic loss
ρc = fuel cell area density, kg∕m2

I. Introduction

R ECENT advances in electrochemical power and permanent
magnet motors have caused a significant resurgence of interest

in manned electric vertical takeoff and landing (eVTOL) aircraft
[1,2]. We define eVTOL as vertical lift aircraft propelled by electric
power and capable of carrying people. Since the world’s first electric
manned helicopter flight in 2011 [3] and the first multirotor
helicopter flight in 2012 [4], developers ranging from startups to
major aerospace corporations have introduced many eVTOL
concepts in various stages of development. Electric power promises
the potential for cleaner, quieter, safer, and more agile aircraft, which
are essential characteristics for a new urban air mobility system.
Cleanliness results from the lack of particulate pollution from the
aircraft, often in densely populated areas, as well as the potential for
renewable energy to charge batteries and power water electrolysis for
hydrogen production for fuel stacks. Quietness results from a
combination of reduced engine noise and slowed tip speeds enabled
by electric motors and optimized for primarily forward flight
missions. Safety results from redundancy in distributed proprotors
andmultiple power sources. Agility results from the ability to quickly
vary rotor revolutions per minute and the increased thrust moment in
distributed propulsion. In 2017, Uber released a vision for such a
system in awhite paper [5]. The principal drawback of these potential
aircraft is the poor range and endurance with a practical payload (at
least two passengers). This drawback stems from the weight of
lithium–ion batteries. With the current state of the art, a practical
aircraft cannot be flown. The objective of this paper is to examine the
use of hydrogen fuel cells to overcome this drawback.
A major limitation for battery-powered eVTOL is the specific

energy of lithium–ion batteries: 250 �W ⋅ h�∕kg for cells (Panasonic)
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and 150–170 �W ⋅ h�∕kg for packs (Tesla, Saft). Proton exchange
membrane (PEM) fuel cells can offer significantly higher specific
energy than batteries in a unit that is still clean and hydrocarbon free,
mechanically simple, operates at low temperatures (80–100°C), and
produces no harmful emissions during flight. The limitation for fuel
cells is lower power density: around 0.5 kW∕kg (see, for example,
the US Navy’s Ion Tiger stack or the commercially available
Hydrogen Energy Systems A1000 stack). A combination of the high
specific power of batteries with the high specific energy of fuel cells
can reduce the overall powerplant weight, allow fast charging and
refueling, and introduce redundancy in the power source for added
safety.
Fuel cell and battery hybrid systems have been demonstrated in all-

electric manned fixed-wing aircraft. The Boeing Fuel Cell
Demonstrator achieved manned flight in 2008 with a gross weight
of 870 kg for approximately 45 min [6]. The German Aerospace
Center’s electricmotor glider Antares DLR-H2 has been successfully
used as a flying testbed with a gross takeoff weight of 825 kg [7–9].
The Polytechnic University of Turin developed a two-seater hybrid
aircraft that achieved an endurance of 40 min [10]. These aircraft
serve as a proof of concept for fuel-cell-powered flight.
However, all of the aforementioned are fixed-wing, and not rotary-

wing, aircraft. eVTOL requires a rotary-wing aircraft, which has
unique challenges associated with high hover power, low lift-to-drag
ratios (due to the edgewise rotor and hub drag), and highly transient
power profiles, including high power during both takeoff and
landing. Recently, unmanned rotary-wing drones have been flown
using fuel cells, but these are small-scale aircraft and scarce data are
available in the public domain. These aircraft include the United
Technologies Research Center’s 1.75 kW, 10 kg, single main rotor
helicopter in 2009 [11] and EnergyOr’s 1.5 kW, 9.5 kg quadcopter in
2015 [12]. This paper deals with manned aircraft. The possible
benefits of battery/fuel-cell (B-FC) hybridization for manned electric
rotorcraft were reported for a R22 Beta II helicopter [13,14] in a
conceptual study. This paper provides an actual demonstration of
power sharing through hardware testing, and it carries out eVTOL
sizing based on measured overhead and efficiency data. It
summarizes the methodology and principal results of the work
reported in Refs. [15,16].
The first step is to develop new propulsion system models for the

design of this new class of aircraft. There have been several efforts in
recent years to build such models [13,17–20] and apply them to the
conceptual design of rotorcraft [14,21]. However, these models are
all limited to steady-state operation. Models that can predict both
steady state and transients would allow for refined sizing aswell as an
analysis of load transients and unsteady maneuvers of an aircraft. In
this paper, batteries and fuel cells are modeled as equivalent circuit
networks (ECNs) using resistor–capacitor models. The transient
models predict voltage variation due to rapid changes in current. For
batteries, they also capture thevariation due to the state of charge. The
models are calibrated (for time constants) and validated (for
phenomenological trends) using an experimental setup. The setup
consisted of a commercial fan-cooled proton exchange membrane
fuel stack, pressurized hydrogen equipment, and a lithium–polymer
battery connected in parallel to an electronic load as well as a flying
quadrotor. A fuel cell requires many pieces of accessory equipment,
called the 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, which is the sizing of eVTOL, begins with state-

of-the-art data for motor and battery weights as the basis for weight
models. A geometry- and material-based weight breakdown is used,
which is guided by (in-house) measurements from a commercial fan-
cooled low-power stack, as well as reported literature on the custom-
built liquid-cooled high-power automobile stacks of Honda [22] and
Toyota [23,24].
Sizing of the aircraft calculates the minimum gross (total) takeoff

weight and payload weights that are achievable for a prescribed
mission. The structural weights are based on simple expressions,
correction factors, and available data on existing aircraft so that the
primary focus remains on the impact of the new powerplant. The

results are compared for different powerplant configurations:
turboshaft, battery alone, fuel stack alone, and battery and fuel stack
hybrid. They are also compared for edgewise and tilting proprotor
configurations.
Specific targets are based on Uber’s white paper [5] for a

demonstration of sizing. The maximum installed power was taken to
be 500 kW (hover)with cruise at the best rangevelocity.Details of the
mission are provided in the aircraft sizing section (Sec. VI).
The effects of technology advances are investigated. The baseline

results use parameters that are currently feasible at the component
level. These parameters include battery specific energy, fuel stack
specific power, and hydrogen tank weight fractions. Only the battery
maximum current, or C rate, is allowed to vary beyond what is
reported at this capacity level. Results are also calculated based on
improved technology forecast for each individual component: for
example, a battery specific energy of 250 �W ⋅ h�∕kg envisioned by
the automobile industry; a fuel stack specific power of 2 kW∕kg
reported by Toyota; and a hydrogenweight fraction of 7.5%,which is
a target met by the U.S. Department of Defense’s hydrogen fuel cell
program for pressured storage that is well within the 10% reported by
the United Technologies Corporation (UTC) fuel cell helicopter.
These technology assessments provide insights for prioritizing future
investments.
The first part of the paper (Secs. II–IV) deals with hardware and

model development. The second part (Secs. V and VI) deals with
weights and aircraft sizing. The second part relies on theweights and
efficiencies measured in the first part. The first part draws its
motivation from the principal result of the second part, which is that a
battery and fuel cell combination can be superior to either power
source alone. Thermal effects are not modeled in the first part, but
they are built into weights in the second part. Cost is ignored.

II. Experimental Setup

A commercial 300 W PEM fuel stack and a 2800 mAh 3 cell
lithium–polymer battery were used to construct a simple testbed to
understand the system overheads and acquire test data for calibrating
and validating the fuel cell and batterymodels. Overheads include the
balance of plant losses and accessory weights, which are later used
for aircraft sizing. Due to the surrogate nature of the setup (non-
flightworthy), these overheads are expected to be conservative.
Figure 1 provides a basic flow diagram of how power is delivered 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 Sec. IV. The unregulated version of power sharing architecture is a
direct connection of the two power sources in parallel with 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 powerplant weight. The
data loggers record the current and voltage over time.
The fuel stack controller controls the supply and purge valves to

allow hydrogen flow in and out of the fuel stack. This controller

Fig. 1 Flow diagram of a parallel hybrid power system.
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requires external power that can be provided by a power supply or an
additional battery. The fuel stack operates at around 50V, and so a dc–
dc converter is used to reduce this voltage to that of the battery: to
around 12 V. The power output from the fuel stack is connected in
parallel with a battery. The combined power is then connected to a
benchtop programmable electronic load for controlled tests. It is also
connected to a quadcopter for tethered flight tests. A photograph of
the hardware and a detailed plumbing and wiring diagram are
available in Ref. [15].
To calibrate the fuel stack and battery model, it was necessary to

isolate the power sources and connect them individually to the load.
These configurations are described in Sec. Vin 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 calculated to be 15% of the total mass. This is
the portion of the system mass that would not be included in the
specific energy of a fuel cell. The mass overhead for the hydrogen
regulator is 13%, but this can likely be reduced for a digital pressure
gauge and aerospace grade regulator. Data collection devices
accounted for 4% mass overhead. Only the dc–dc stepdown mass
overhead is used in the sizing calculations later. This low-end
commercial fuel stack has a specific power of 0.1 kW∕kg based on
the fuel stack plus controller weight.
Power losses occurred at the dc–dc converter, the diodes for 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 experimentally for a sweep of steady-state power levels with
the controllable load to be an average of 25% [15]. This steady-state
characterization was compared to transient conditions during a
quadcopter flight, which showed a smaller loss (13%). A loss factor
of 20% is used in the sizing calculations presented later, which is
conservative because this is a low-grade dc–dc converter.

III. Modeling Electrochemical Power Supplies

A. Fuel Stack Steady-State Model

Powerplant sizing calculations require steady-state voltage versus
current (i-υ or polarization) curves. A steady-state model was
developed based on a well-accepted description of the underlying
electrochemical behavior of a fuel cell [25], which was extended to
include empirical corrections for fuel cell temperature and humidity
based on data from Refs. [26,27]. Then, transient operating
characteristics were modeled using an equivalent circuit network.
The ECN model captures the principal characteristics of transient
dynamics [28–31] through a capacitative (first order) linear behavior.
The circuit elements that determine the underlying time constants are
calibrated using in-house experiments using the setup described
earlier.

The steady-state behavior of the fuel stack is modeled using
Eq. (1). The voltage υ�i� is a function of the current density i and is
equal to the ideal or open circuit voltage Er minus activation, ohmic,
and concentration losses. It consists of eight empirically derived
thermodynamic constants: αA; αC; i0A; i0C (unitless constants), C
(constant in volts),ASRΩ (area specific resistance in ohms per square
centimeter), iL (limiting current in amperes per square centimeter),
and ileak (leakage current in amperes per square centimeter). The
constant Er can be predicted empirically or taken from test data:

υ�i� � Er − ηact − ηohmic − ηconc

Er � 1.229 − �T − 298.15� × 8.46 × 10−4 � 4.309

× 10−5�ln pH2
� 1∕2 ln pO2

� (1)

for a pressure of 1 atm and the temperature T (in kelvins):

ηact � �aA � bA ln �i� ileak�� � �aC � bC ln �i� ileak��

ηohmic � iASRΩ ηconc � C ln
iL

iL − �i� ileak�
aA � −

RT

αAnAF
ln i0A bA � RT

αAnAF

aC � −
RT

αCnCF
ln i0C bC � RT

αCnCF

The partial pressures arepH2
� 1 (pure hydrogen) andpO2

� 0.21
(partial pressure of oxygen in air).
Figure 2 summarizes the state of the art in fuel cell (FC)

performance. Datameasured from the fuel stack used in this paper are
represented as “FC-1 data-1.” “FC-1 data-2” are the manufacturer’s
specifications. They are close, as expected. Two other datasets are
shown for comparison. FC-2 is from a state-of-the-art (2015) Ref. [9]
aerospace-grade stack similar to that used by the DLR, German
Aerospace Center. FC-3 is from a state-of-the-art (2006) single cell
reported in Ref. [26] at 1 atm and 80°C. The power density in Fig. 2b
is simply the product of the cell voltage and current density shown in
Fig. 2a. The fitted models are shown as lines: each with a different set
of thermodynamic constants. The main difference is the high current
and power from higher-quality cells. The next section on transients
uses the constants for the present stack (FC-1 data-1), where αA �
1.1; αC � 0.18; i0A � 3e − 4; i0C � 1e − 4; iL � 0.31; ileak � 0.005;
C � 0.01, and ASRΩ � 0.2. In the sizing section (Sec. VI), the
polarization curve of FC-3 will be used, which is well within what is
achievable for an aerospace fuel stack. For this stack,αA � 1.1; αC �
0.15; i0A � 0.1; i0C � 1e − 4; iL � 0.85; ileak � 0.01; C � 0.15, and
ASRΩ � 0.07.

Table 1 Mass breakdown of experimental setup

Component Mass, g Percent of total mass, %

Fuel stack Fuel stack (300 W) —— — —

Supply valve —— — —

Purge valve —— — —

Cooling fan —— — —

Total 2901 44.6
Controller 433 6.7
Display 66 1

Balance of plant/accessories Battery for controller 216 3.3
dc–dc converter 943 14.5

Data loggers (four) 158 2.4
Displays (four) 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 — —
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At a given pressure (here, 1 atm) the steady-state characteristics

depend mainly on the temperature, the cathode relative humidity

(CRH), and the anode relative humidity (ARH). Cell-level data

obtained from Ref. [26] were used to find the variation of the

thermodynamic constants of the model with temperature and

humidity. The results can be found in Ref. [15]. The sizing section

(Sec. VI) assumes a fuel stack temperature of 80°C, a CRH of 100%,

and an ARH of 100%.

B. Fuel Stack Transients

To model the transients, an ECN for a single polarization model

was used, as shown inFig. 3.Er is the open circuit voltage.V and I are
the voltage and current output by the fuel cell, respectively, where I is
now a function of time. Rs is the electrolyte resistance (ohmic

resistance in steady state), and Rct is the charge transfer resistance

causing a voltage drop across the electrode–electrolyte interface

(activation and concentration losses in steady state). Cdl is the

dielectric 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.
The voltage V for current I is given by

V � Er − RsI − RctI2

� Er − �Rs � Rct�I � Rct�I − I2�
� υss � Rct�I − I2� (2)

where I2 is found from the derivative of the voltage balance around

the smaller loop:

RctCdl
_I2 � I2 � I (3)

A more detailed derivation is available in Ref. [15].
Here, υss � Er − �Rs � Rct�I is the steady-state cell voltage

corresponding to Fig. 2. This transient model collapses to a steady
state when _I2 � 0 and I2 � I (then, V � υss). The values of the
circuit components Rct and Cdl were determined empirically. This

was achieved by connecting the fuel stack output directly to an
electronic programmable load. A step current was drawn from the

fuel stack, and the transient voltage responsewas recorded. A sample
of these data along with the empirically calibrated constants for two
different current levels are given in Fig. 4 and Table 2. As depicted in

Fig. 4, the magnitude of the transient is Rct times the size of the
current stepΔI, and the time for the voltage to achieve steady state is
approximately 4τ, where τ � RctCdl is the time constant. For the

response to a step input, themodel is given by the following equation,
where t is the time after the step change andΔI is themagnitude of the
step change:

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Current Density, A/cm2 Current Density, A/cm2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
el

l V
o

lt
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 V

FC-1 Data-1
FC-1 Data-2
FC-2
FC-3
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m
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FC-1 Data-1
FC-1 Data-2
FC-2
FC-3

a) Cell voltage versus current density b) Power density versus current density

Fig. 2 Steady-state characteristics of three different fuel cells (FC-1 through FC-3 defined in text): data and models.

Fig. 3 Basic equivalent circuit network of fuel cell.

Fig. 4 Voltage response to a step current drawn from a fuel stack.

Table 2 Fuel cell ECN components calibrated for
different current ranges

Low current Nominal current

Current density, A∕cm2 0.01–0.04 0.07–0.18
Rs, Ω ⋅ cm2 2.57 0.60
Rct, Ω ⋅ cm2 1.22 0.09
Cdl, F 0.23 0.26
Time constant, s 0.28 0.023
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V � Er − ΔIRs − ΔIRct�1 − e−t∕τ� (4)

The values of Rs, Rct, and Cdl were found to depend on the

magnitude of the current. They were calibrated separately for a very

low current and a nominal current, as shown in Table 2. The resistor

values aremuch lower at the nominal current, which indicates that the

transients are of smaller magnitude and duration than at low current.

C. Battery Steady-State Model

In a battery, the open circuit voltageEr is no longer constant (like it

is in the fuel cell), but it is instead a function of the battery’s state of

charge (SOC). The SOCdescribes the fraction of charge remaining in

the battery over the total charge C (in ampere hours) possible for

supply. In its simplest form, it is given by Eq. (5), where I is the

current drawn in amperes, and t is the time in hours:
For discharge:

SOC � 1 −
1

C

Z
I dt (5)

For charge:

� 1

C

Z
I dt

However,C itself can be a function of I, and so this equation is hard
to apply when the current changes with time. Typically, for Li–ion

batteries, C � CREF∕αβ, where CREF is the capacity at a reference

current IREF, and α�I� and β�T� are rate factors associated with other
currents and temperatures. Then, a more appropriate expression for

the SOC is as follows:
For discharge:

SOC � 1 −
1

CREF

Z
αβI dt (6)

For charge:

� 1

CREF

Z
αβI dt

The rate factors α and β have to be determined empirically. The

quantity Idt is the actual amount of charge supplied or delivered to

the load; the quantity αβIdt is a notional amount of charge released or

depleted from the battery with which the state of charge is to be

calculated.
A representative set of rate factors based on Ref. [32] are

α�I� � 1� 0.4

�
I

IREF
− 1

�
IREF
CREF

β�T°C� � 1 − 0.02093�T − TREF�; where TREF � 23

(7)

The temperature also reduces the open circuit voltage (at all

SOCs):

ΔEr � 0.011364�T − TREF� (8)

The variation in Er with the SOC means there is not a unique

steady-state I–V curve as with the fuel stack. As the current is drawn,

the SOC andEr drop. This effect must be modeled. A fully empirical

model based on the classical work of Shepherd [33] is adopted. For a

constant current draw per unit area i, the Shepherd model has the

following form:

υ � Er − iN (9)

where

Er � Es −
K

SOC
i� A exp�−B�1 − SOC�� (10)

Er is the open circuit voltage, and υ is the battery output voltage.Es is
a constant potential in volts, K is a polarization coefficient in the Ω
area,N is the internal resistance times the unit area in theΩ area, and
A (in volts) and B (unitless) are empirical constants. The SOC here is
the area specific state of charge. The original Shepherd model uses
the SOC from Eq. (5) (and uses area specific capacity Q instead of
capacityC); if α and β are available, Eq. (6) should be used instead. In
total, four empirical constants (Es;K; A, and B) describe the open
circuit voltage Er as a function of the SOC, and the additional
constant N is the resistance needed for closed circuit voltage υ.
To calibrate the model forEr, the battery was connected directly to

a battery analyzer,which discharged the battery at a very low constant
i andmeasured υ. The unit areawas defined as the area of the cell, and
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, which are the internal resistances of the battery, which
were calibrated using the samemethod described in Sec. III.B for the
fuel stack (by drawing a step current and recording the resulting
voltage). The remaining values were calibrated empirically based on
the discharge data.
The discharge data are shown in Figs. 5 and 6 for a 30 C,

2800 mAh, three-cell lithium–ion battery. Figure 5 uses a model
based on the six empirical constants extracted from the 0.07 C
discharge data (lowest current), and it shows how themodel performs
at higher currents. Figure 6 uses empirical constants extracted from
the 3.6 C discharge data (highest current) and shows how the model
performs at lower currents. The main cause of this discrepancy
at high currents is the change in K with current that is obvious
from Fig. 6, which shows how the model performs when the
constants are extracted using data from3.6C.Here, the discrepancy is
shifted to low currents. None of this is surprising; even though the
Shepherd constants have some basis in underlying phenomena,
empirical models are always inadequate as prediction models:
at best, the constants can be evaluated for several current levels, as
shown in Table 3. The resistance N was extracted from step
input experimental data, and it is equivalent toRs � Rct of the battery
from Table 4, to be presented later. The capacity C was extracted by
fitting the constant current discharge data. This value is consistent
with the discharge capacity measured for each test by multiplying
the current and the duration of discharge. It is slightly lower than the
empirically fit capacity C because the discharge was stopped
when the battery voltage reached 9 V to avoid damaging the battery.
Most of the constants vary with the operating current. In this
table, “area” refers to the same unit of area as that in the “current per
area” i.

D. Battery Transient

The transient behavior of a battery can be modeled by the same
equivalent circuit network as the fuel cell, because both are dc
electrochemical sources. However, the open circuit voltageEr is now
a function of the state of charge. Many transient lithium–ion battery
ECN models have been developed in the past two decades for the
design of power systems in consumer electronics (see Refs. [32,34]
for example) and hybrid-electric cars (see Ref. [35]). All of these
models are semiempirical and require extensive battery testing for
temperature and frequency effects. The Er�SOC�would also have to
be input separately as a function of temperature for all models.
The Shepherd model for Er�SOC� is retained to capture the

nonlinear behavior of the steady state and paired with an ECNmodel
to capture the generally linear behavior of the transients. The transient
model uses the same circuit diagram shown earlier in Fig. 3. The
constants Rs; Rct, andCdl are extracted using the same method as the
fuel stack. The results for low and nominal current ranges are
presented in Table 4.
Although the capacitor values are larger as compared to the fuel

stack, the resistor values are smaller. This manifests as voltage
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transients of a lowermagnitude but a longer settling time as compared
to the fuel stack. The time constant of the battery is approximately one
order of magnitude larger than that of the fuel stack.

E. 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. Experimental data were acquired to
verify the models in the presence of these rapid transients.

Figure 7 shows fuel cell voltage (measured for the stack and

divided by the total number of cells) with intentionally high-

amplitude and -frequency transients. The results indicate that the

model is generally capable of capturing the transient I–V
characteristics. A small vertical shift is visible between the model

and the experimental voltage, which can be attributed to a

measurement error or variations in the temperature and humidity

between the time of this test and the time of the steady-state model

calibration [used to find υss in Eq. (2)]. The primary error in themodel

10 12 14
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a) Discharge model compared to experimental data b) Close-up view of small time range
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Table 3 Shepherd battery model constants for 2800 mAh, 30 C, 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−1 0.07 0.14 3.6
Discharge capacity, Ah 2.54 2.61 2.54
Es, V 11.3 11.3 11.3
K;Ω area 0.25 0.1 0.015
Q, Ah∕area 2.6 2.65 2.7
N;Ω area 0.076 0.076 0.028
A, V 1.35 1.35 1.2
B 3.4 3.4 7.0
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occurs at the beginning of the test, which appears as a longer transient

behavior that occurs upon startup of the fuel stack, which is not

captured by the present model.

The transient model is compared to the steady state in Fig. 7b. This

steady-state model is based on the FC-1 data-1 model in Fig. 2a. This

comparison reveals 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

operating currents, and so the transients in the fuel stack are not very

significant. This is a reflection of the fact that the values ofRct andCdl

in Table 2 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 datawere collected for the lithium–ion battery (Fig. 8). The

model in this figure uses the empirical constants from the third set

presented in Table 3. All three sets of constants were investigated and

showed very small differences of less than 0.15 V. A comparison

revealed the second key conclusion: unlike the fuel stack, here, the

transient model is slightly different from the steady-state model and,

in general, provides an improvedwaveform.However, like in the fuel

stack, there is again a vertical shift between the model and the

experimental voltage. The experimental voltage is lower, and so it

cannot be due to heating (rise in temperature increases voltage), but it

is perhaps due to rate effects at higher currents (higher current reduces

voltage), which are not included in the model (α � 1 in the model).

Additionally, discrepancies could be due to the battery’s total

capacity degrading over use; the constant voltage discharge data used

to calibrate the model were collected after the transient experiment,

and the battery’s capacity had reduced from a nominal 2.8 Ah to a

lower 2.6 Ah.

The key conclusions from this transient modeling are that
transients are not critical for powerplant sizing at the conceptual
design stage, and that the fuel stack has, in fact, a faster response than
the battery.

IV. Demonstration of Power Sharing

A. 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. 9. The flight test demonstrates
the viability of using the two power sources together in a hybrid
powerplant. The architecture for the unregulated system is trivial; the
two components are connected in parallel with only a diode in series
with the fuel stack and a dc-to-dc converter, which is 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
natural i-υ characteristics. The key conclusion from Fig. 9 is that they
form a natural combination working in tandem; the battery voltage
drops with a depleting SOC, diminishing its share of power. This
causes the fuel cell voltage to also drop, increasing its share of power
(Fig. 2). Thus, the total power supply is maintained. Regulation
would be required to force them not to work in tandem but instead
share the supply of power as desired. This is an essential requirement
for eVTOL, where the fuel stack is sized to low-power cruise mode
and the battery supplements during high-power segments of the
mission to minimize powerplant weight.

B. Regulated

A regulated system would conserve battery energy and use
hydrogen energy whenever possible because 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. 10.
In the regulated case, the battery no longer discharges during the

low-power phases: spinup, transition, cruise, and spindown. Thus,
less energy is drawn from the battery and more from the fuel stack.
The regulated power sharing strategy reduces the total weight of the
powerplant because batteries suffer from low specific energy but can
provide higher specific power. Additional power would need to be
incorporated to provide redundancy for failure of a battery or
fuel stack.
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Fig. 7 Model compared to experimental voltage for fuel stack for highly transient load.

Table 4 Battery ECN components
calibrated for different current ranges

Low current Nominal current

Current, A 0.01–2.4 9.3–13.5
C rate, h−1 0.0036–0.86 3.32–4.82
Rs;Ω 0.042 0.021
Rct;Ω 0.034 0.007
Cdl, F 268.15 242
Time constant, s 9.12 1.69
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To implement the regulated power sharing architecture, a circuit
was constructed based on a modification to a circuit in Ref. [9]. It is
shown in Fig. 11. The fuel stack and battery are still connected in
parallel with a diode to prevent current flow into the fuel stack. The
additions to the unregulated circuit are the two switches to control
charging or discharging of the battery and two dc–dc converters to
assist with charging and discharging the battery. The switches are
voltage controlled solid-state relays activated by an Arduino
microcontroller. 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 instead, the diode in that branch
channels the current flow in the direction to charge the battery. The
stepup/-down (also called a buck/boost converter) in the battery
charging branch (on the left) converts the battery voltage, which
varies as a function of state of charge, to a constant voltage
compatible with the output voltage of the fuel stack dc–dc stepdown.
This voltage can be adjusted to provide a desired power sharing ratio
between the fuel stack and battery during discharge. The stepup in the
battery charging branch (on the right) outputs a constant current set
by the designer, which allows for faster charging.
The Arduino sets the switches open or closed, depending on the

battery voltage and load power. The various operating states are
described in the following and listed in Table 5:
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Fig. 8 Model compared to experimental voltage for battery for highly transient load.
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Fig. 10 Power supplied by fuel stack and battery in regulated operation
for a notional mission power profile.

Fig. 11 Circuit schematic for regulated power sharing operation with
added Arduino microcontroller, solid-state relay switches, and direct
current (DC) converters.

1772 NG AND DATTA

D
ow

nl
oa

de
d 

by
 U

N
IV

. O
F 

M
A

R
Y

L
A

N
D

 o
n 

A
pr

il 
13

, 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.C

03
52

18
 



1) For state 1, the battery is fully charged and the load power is low.
All the power is supplied by the fuel stack, and the battery is
completely disconnected from the circuit. Charging is not allowed to
avoid overcharging the battery.
2) For 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.
3) For state 3, the battery is partially depleted but still above its safe

minimum voltage. The load power is low. The battery is prevented
fromdischarging because the fuel stack is capable of providing all the
necessary power.
4) For state 4, the battery is in the same range as state 3 but the load

power is above thatwhich 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.
5) For state 5, the battery is completely depleted to its minimum

safe voltage. The load power is low. The battery discharge switch is
open, and so it cannot provide power to the load. The fuel stack
provides all the power to the load and charges the battery if excess
power is available.

6) For 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.
7) For state 7, if the battery charge or discharge current exceeds the

maximum rated current, the switches open to disconnect it from the
circuit as a safety precaution.
The first six states are demonstrated experimentally in Fig. 12. For

this demonstration, the cutoff for a “high” or ”low” load was 20 W,
and it is indicated by a dashed line in the power plots. This is an
arbitrary number chosen for illustration purposes. The cutoff for high
battery voltagewas 12.3 V, and the cutoff for low battery voltagewas
11.3V.Both are plotted as dashed lines in the voltage plots. TheDchg
and Chg lines indicate the time segments where the battery is
discharging and charging, respectively. The boxes and numbers in the
bottomplots indicate the corresponding states of operation. The setup
used to obtain these data did not include the two dc–dc converters on
the lower portion of Fig. 11.
When the fuel stack and battery are sharing power (cases 3 and 5),

the sum of the fuel stack and battery currents equals the current
received at the load. The sum of the fuel stack and battery power is

Table 5 Operating states of power sharing control circuit

Switch states Power source

State Battery voltage Load power Discharge Charge

1 Fully charged Low 0 0 Fuel stack
2 Fully charged High 1 0 Fuel stack� battery
3 Nominal Low 0 1 Fuel stack� charge battery
4 Nominal High 1 0 Fuel stack� battery
5 Fully depleted Low 0 1 Fuel stack� charge battery
6 Fully depleted High 0 0 Fuel stack
7 Current exceeding safe levels — — 0 0 Fuel stack
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Fig. 12 Demonstration of power sharing circuit’s six operating modes.
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slightly greater than the power received by the load due to losses
across the diodes and wires. The same is true for the other cases; the
current is the conserved quantity and accurately illustrates the sharing
of power, whereas the power is not conserved due to losses in the
circuit. The illustration in Fig. 12 is open loop (no specific target ratio
of power sharing), and hence does not require the dc–dc converters in
the battery charging and discharging branches of Fig. 11.
The complete circuit with the dc–dc converters achieves control

over power sharing and charging for a profile as seen in Fig. 10. A
representative profile was placed on the circuit, and the results are
shown in Fig. 13. This validates the ability of this circuit to achieve
ideal power sharing where 1) the fuel stack operates at a constant
power, 2) the battery supplements during high load portions of the
mission, 3) a designer-defined constant ratio of battery and fuel stack
power sharing ismaintained, and 4) the fuel stack is used to charge the
battery during low load portions (indicated by fuel stack power higher
than load power and negative battery power). This minimizes the
design power of the fuel stack and the design energy of the battery:
both of which are principal driving factors for weight. Thus, to
summarize, the concept to be used in the sizing section (Sec. VI) is
demonstrated to be possible. The overhead incurred in weight and
power is also reasonable.

V. Powerplant Weight

This section describes models to calculate fuel cell and battery
systemweights required for aircraft sizing. These weights depend on
the operating characteristics (models ofwhichwere described earlier)
desired from the powerplant. Also described are motor weights.

A. Motors

Several manufacturers have introduced ac permanent magnet
synchronous motors for powering aircraft in the past few years.
Reference [16] gave weights of 23 motors from six manufacturers
(ThinGap, Joby, EMRAX,YASA, Siemens, andUQM), of which 17
motors were designed for aeronautical applications. Several weight
trends can be found in recent literature [13,17,36]. In this paper, only
the 17 aeronautical motors are used. Theweights follow torquewith a
maximum of �30% error (see Ref. [16]):

W � 0.4025Q0.71 (11)

where W is the mass in kilograms, and Q is torque in newtons

per meter.

B. Lithium–Ion Batteries

The Li–ion battery model assumes ns units in a series arranged in
np cells in parallel (Fig. 14). The total number of cells is np × ns. The
series–parallel arrangement allows for adding energywhile keeping a

desired voltage output. The cells are assumed to be identical. The

battery voltage isVB � nsvc. The current through each cell is ic. The
currents add, and so the battery current IB � npic or, equivalently,
the battery capacity CB (ampere hours) is related to the cell capacity

Cc as CB � npCc. The energy capacity EB (watt hours) is then

EB � CBVB � npnsCcvc � npnsEc

which is the total number of cells in the battery times the energy

capacity of each cell. The batteryweight is calculated from theweight

of each cell.
For a known output voltageVB, mission energyEB, and a choice of

cell Cc, 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 from eight suppliers to

electric car manufacturers [Automotive Energy Supply Corporation

(Nissan Leaf), LG Chem (Renault), Li-Tec (Daimler), Lithium

Energy (Mitsubishi), Toshiba (Honda) and Panasonic (Tesla Model

S)], shown in Fig. 15, follow the trend:

wc � �0.0075� 0.024Cc� (12)

where wc is in kilograms, and Cc is the capacity of a cell in ampere

hours. So, the battery mass can be calculated as
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Fig. 14 Schematic of batteries or fuel cells connected in series and
parallel.
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Fig. 15 Lithium–ion cell weights versus capacity in ampere hours.
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ns � VB∕vc �vc � 3.7 V for Li ion�
CB � PB∕VBζ or EB∕vB; �whichever is greater�
np � CB∕Cc

wc � �0.0075� 0.024Cc�fT �in kilograms�
WB � wcnpns �in kilograms� (13)

PB (in watts) is the power, and ζ (h−1) is the C rating. PB∕VB is the
current draw IB. Theminimum battery weight is foundwhen IB is the
maximum (continuous, for the duration of PB) discharge current.
Then, IB � ζCB. If the C rate ζ is known, the required charge
capacity CB can be found.
Consider a segment of a mission where power PB is required over

timeΔt. If the voltage is VB, then the charge capacity needed for this
segment will be ΔCB � PBΔt∕VB. However, if the C rate is ζ, the
power delivered can, at most, be ζΔCBVB. To ensure this equals PB,
the charge capacity must at least be ΔCB � PB∕ζVB. Thus,

ΔCB � max

�
PBΔt
VB

;
PB

ζVB

�
(14)

where the first quantity is the capacity required to deliver the energy
required, and the second is the capacity required to deliver the power
required. If the second is greater, it means more energy is needed for
the mission than necessary just to satisfy the power demand. The
optimal condition is when both are the same:

ζ � 1∕Δt (15)

For example, if high power is required only for 5 min (e.g., for
hover), then ζ � 60∕5 � 12 h−1. If a battery of this C rate (12 C) is
not available, then more capacity must be carried on board than what
is needed to deliver the energy. Typically, lithium–ion chemistries
that store high energy have low C rates, and vice versa (2–4 C for
80–100 �W ⋅ h�∕kg; and 0–1 C for 150–200 �W ⋅ h�∕kg at the
battery pack level); thus, the total capacity must be evaluated
carefully based on power segments and available C rates. In general,
for constant power, PB∕ζ gives the energy in watt hours. For varying
power, the energy is input from the mission, and ζ is found from the
maximum power required. The numbers ns and np are rounded to
higher integers. The factor fT is a technology factor; fT � 1 places
the specific energy at 150 �W ⋅ h�∕kg, which represents a nominal
state of the art at the battery pack level.

C. Proton Exchange Membrane Fuel Stack

Proton exchange (or electrolyte) membrane (PEM) fuel cells have
lower specific power as compared to batteries (due to a heavy balance
of plant) but can provide a dramatic increase in energy stored due to
its hydrogen fuel. The degradation of its performance with low
pressure is a problem in aeronautics, but not for on-demand air-taxi
eVTOL, where the flight altitudes are expected to remain low. The
problem of hydrogen storage and boiloff is also less significant in
aviation as compared to cars, and it is lesser even for on-demand air-
taxi eVTOL because of the shorter-duration missions and only a few
hours of hydrogen storage (not weeks or months). Thus, the
significant progress made in the past decade toward lighter gaseous
hydrogen storage can be exploited to greater advantage.
A PEM fuel cell system consists of the stack and the hydrogen

tank. For the stack, statistical weight models are difficult because of
drastic variations based on cost (cell materials/catalyst), duty cycles
(construction), and applications (household to cars to aircraft
auxiliary power unit toUAVs). Specific powers can easily range from
0.1 kW∕kg for inexpensive laboratory grade stacks to 2.0 kW∕kg for
expensive automobile stacks (see Ref. [16]).
A model suitable for design is one that is connected to stack

geometry, materials, and operating characteristics so that improve-
ments in constituent parts can flow into sizing. A simplemodel can be
constructed as follows.Cells are assumed to be in serieswithin a stack
(which they typically are), similar to the arrangement of battery cells,

to meet voltage and current requirements, shown in Fig. 14. Each cell
is essentially a membrane electrode assembly (MEA). If the cross-
sectional area is kA times the active area Ac, the area density of each
MEA ρc (in kilograms per square meter), thickness tc (in meters), np
cells in a stack, and an overhead fraction of ηO (to account for gaskets,
seals, connectors, and endplates), then the weight WFS and volume
LFS become

WFS � kAnpAcρc
1 − ηOW

; LFS � kAnpActc
1 − ηOL

The maximum power output Pmax is related to the maximum cell
power density pcmax by Pmax � pcmaxnpAc. This can be rearranged:
npAc � Pmax∕pcmax. The fuel stack operation accessories contribute
to a balance of plant power, and so a factor of fBOP is added to
increase the required maximum power output. Then, the weight
model is

WFS � kAρc
1 − ηOW

Pmax�1� fBOP�
pcmax

(16)

A value of kA � 4 (conservative) is assumed in this paper.
Published data from Honda [22] and Toyota [23,24] suggest
ρc � 1.57kg∕m2, tc � 0.001301 m, and ηOW � 0.3. The number of
cells and the active area are found from the output voltage and power
as np � V∕υc and Ac � P∕�nppc�. The design cell voltage υc (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 fBOP is 20%, found in
the Experimental Setup section (Sec. II), and it is a conservativevalue
due to a low-end fuel stack and dc–dc stepdown.
The fuel flow rate, at any given power, is related to the cell voltage.

Corresponding to pcmax, a υcmax can be found from the cell i − v
characteristics. In general, at any power P, cell power density is
p � P∕npAc; given p, the corresponding υ can be found. The fuel
flow rate is

_WF � λH
mH

NeF

P�1� fBOP�
υ

(17)

and the tank weight is

WH2T � 1

ηBOwfrac

Z
_WF dt (18)

where λH is the effective stoichiometry (one for no loss in hydrogen
utilization), mH � 2.016 × 10−3 kg∕mol is the molar mass, Ne � 2
is the number of electrons released by each hydrogen atom, F �
96; 485 C∕mole is Faraday’s constant, P is the stack output power in
watts, υ is the operating cell voltage in volts, and ηBO is the boiloff
efficiency factor. The effective stoichiometry is λH � SHηH, where
SH is the chemical stoichiometry (number of hydrogen molecules
participating in reaction, here it is equal to 1) and ηH is the hydrogen
utilization factor (typically 1–1.02). The tank weightWH2T is found
from the fuel weightWF divided by the tank weight fractionwf. For
compressed hydrogen at 350 or 700 bar, the state of the art for long-
duration storage is 5.5% (wf � 0.055) (see Ref. [16]). Tolerating
some hydrogen boiloff should allow greater weight fractions of 7.5–
15% (for example, the UTC helicopter used 10%), or perhaps even
30%. The tank model is simply this weight fraction.

VI. eVTOL Sizing

Sizing involves calculating the minimum gross (total) takeoff
weight WGTO (in pounds) and engine power PH (in horsepower)
needed to carry a prescribed payload WPAY (in pounds) over a
prescribedmission. Themajor dimensions of the configuration [rotor
(s) radius and solidity andwing(s) span and chord) fall out of sizing. If
the maximum power is prescribed as an input, sizing involves
calculating the maximum gross takeoff weight and payload.
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An elementary mission is considered, which is representative of a

simple on-demand intracity air-taxi operation (Fig. 16): only 5min of

hover (including reserves) and 75miles of cruise range. Thevehicle is

sized for different powerplants: turboshaft, battery only, fuel cell

only, and battery/fuel-cell hybrid. Battery charging from the fuel cell

during flight is not considered.

TheUberElevate paper [5] suggested amaximumhover powerPH

of 500 kW (670 hp). This value is considered here. Three mission

ranges are considered: a 75 mile baseline, a 150 mile extended range

intercity mission, and a shorter 50 mile intracity mission. A total of

5min of hover is included in eachmission. Other attributes like cruise

speed and gross weights influence the configuration, but they are

outputs of the sizing process.

The lift-to-drag ratioL∕D is shown for current vertical takeoff and

landing (VTOL) aircraft in Fig. 17. The figure also shows analytical

predictions ofL∕D for the XV-15 tiltrotor, based on a propulsive trim

solution described later in this section. It includes predictions for a

reduced tip speed, envisioned to be possible by using electric motors,

which greatly improves rotor efficiency in cruise.

A. Sizing Methodology

The maximum power is prescribed as an input. Sizing calculates

the maximum gross takeoff weight WGTO and payload WPAY for a

range of disk loading �DL� � WGTO∕A, where A is the total

projected disk area of all lifting rotors.

The gross takeoff weight is the sum of the empty weight and the

useful weight. The empty weightWE is the structural weightWS, the

powerplantweightWP, and a generic group of all otherweightsWOth.

This group of all other weights refers to the weights of systems and

equipment, including: electrical (on-board power supply, anti-icing),

avionics, furnishings (seats, emergency equipment), and load and

handling (vibration absorbers, contingency weights). In the absence

of any available data, historical trends of helicopters are used

(typically 30% of empty weight; fWO � WOth∕WE � 0.3) [37]. The
useful weight is the payload weight and fuel weight. The payload

weight includes fixed useful weights, such as the pilot and crew, as

well as any additional payload. These breakdowns are shown as

follows:

WGTO � WE �WUSE

WE � WS �WP �WOth

WUSE � WPAY �WFUEL (19)

For each disk loading, the steps are as follows:
1) From the maximum engine power, calculate the maximum

WGTO. Typically, PMAX � PFPH, where PF is an installed power
factor for excess power and PH is from Eq. (20). Here, assume
PF � 1 for minimal hover capability:

PH � 1

FM
WGTO

�������
DL

2ρ

s
(20)

where ρ is density, and FM is the figure of merit (ideal induced power
in hover divided by actual power), which is initialized as 0.6.
2) From disk loading and the number of rotors, find radiusR. With

R known, the FM can be updated. Here, the blade element theory is
used, with uniform inflow, an induced power factor of Kh � 0.07,
and XV-15 airfoil decks. The following are assumed: solidity of
σ � 0.1, hover tipMach number ofMT � 0.55, number of blades per
rotor of Nb � 3, and international standard atmosphere (ISA)/sea
level (SL) conditions (for density ρ and speed of sound c).
3) Calculate the power to cruise at speed VC using Eq. (21):

PC � WVC

L∕D
(21)

The aircraft weight W varies due to fuel burn (except for batteries),
but the simple expression with W � WGTO is appropriate for an
initial estimate. The lift-to-drag ratio L∕D is a function of cruise
speed VC, and this is where the configuration enters sizing.
The variation of L∕D for a single edgewise rotor helicopter can be
calculated using a standard momentum theory (with appropriate
corrections). The aircraft drag area (in square feet) is estimated to be
the minimum achieved by current helicopters (based on S-76, SA-
341, and OH-6A helicopters as proposed by Harris [37]):

F � fD

�
WGTO

1000

�
23

where WGTO is in lb and fD � 2.5 for edgewise rotor helicopters

(22)

The variation of L∕D for a tiltrotor aircraft requires a more detailed
analysis because of lift sharing between awing and rotor(s) as well as
a reduction of rotor speed in cruise, which affects aircraft pitch and
rotor collective. A two-dimensional trim solution was developed,
which balances forces in the horizontal x and vertical z directions.
The forces are aircraft weight, aircraft drag, rotor lift, rotor propulsive
force, wing lift, and wing drag. The trim variables are the aircraft
pitch θac and the rotor collective θ75. This analysis results inL∕D as a
function of true airspeed, which is similar to that shown in Fig. 17 for
the XV-15, but it is now calculated based on the aircraft parameters at
a specific disk loading. For all disk loadings, the aircraft is assumed to
be completely wingborne at 150 mph with a wing loading of
78 lb∕ft2 (XV-15 values). The wing aspect ratio is AR � 6 with an
Oswald efficiency factor of e � 0.8. The wing airfoil is the VR-7
because the XV-15 wing airfoil is not available in the public domain.
Component drags are scaled to gross takeoff weight based on XV-15
values given in Ref. [38].
The cruise speed for minimum PC∕VC, which by definition is the
speed for the best range VBR (minimum energy spent per distance
traveled), occurs at maximum L∕D [Eq. (21)]. This speed is used for

Fig. 16 Baseline power profile used in eVTOL sizing section (Sec. VI)
showing B-FC hybrid power sharing scheme.
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Fig. 17 L∕D versus true airspeed of VTOL aircraft; tiltrotor data from
XV-15 in cruise mode (zero flaps, pylons down).
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calculating cruise power. L∕D versus DL for the final aircraft
obtained in this process is shown in Fig. 18.
4) Calculate structural weight from statistical trends: WS �

0.24WGTO (state of the art for helicopters [37]), which is valid
between 3000 and 100,000 lb gross takeoffweight rotorcraft. eVTOL
aircraft are not guaranteed to follow this trend, but it can be
considered a baseline target.
5) Calculate powerplant weight from weight models given earlier.

Turboshaft:

WP � 1.8HP0.9H

battery:WP � Wmotor

fuelcell:WP � Wmotor (23)

HPH is the hover power in horsepower. The statistical trend for the
turboshaft is valid between 300 and 20,000 engine horsepower. Any
inefficiency due to electrical-to-mechanical conversion is neglected
Calculate the fuel weight from the total energy required for the
mission.

Turboshaft:WFUEL � SFCEhp−h

battery:WFUEL � WB

fuelcell:WFUEL � WH2T �WFuelStack�1� fOH� (24)

Ehp−h is the mission energy in horsepower per hour. A specific fuel
consumption (SFC) of 0.4 lb∕�hp ⋅ h� is assumed. Note that fOH is
the 15% weight overhead associated with the fuel stack used in the
experimental setup of this paper. Note that, although the fuel stack is
not an expendable fuel mass, it is categorized as fuel weight to
provide a fair comparison with the battery.
6) Calculate empty weight: WE � �WP �WS�∕�1 − fWO�. The

“all other” group is estimated asWOth � fWOWE, as described at the
beginning of this section. Typically, this group constitutes up to 30%
ofWE for modern aircraft, and so fWO � 0.3 [37].
7) Calculate useful load and payload:

WUSE � WGTO −WE

WPAY � WUSE −WFUEL

and iterate steps 1–7 until the payload weight has converged.

B. Results of Sizing

The steps listed in the previous section were carried out for a
notionalmission of 5min of hover at 500 kWand 75miles of cruise at
the best range speed at SL/ISA. This is an elementary mission
appropriate for a new powerplant so that key trends do not get buried
inside the details of startup, shutdown, reserves, etc. Additional

weight needed for reserves and redundancy in batteries or fuel stacks
is not considered. The purpose is to evaluate and compare the
different powerplants.
The cruise powers for edgewise and tiltrotor configurations are

shown in Fig. 19. For both the edgewise and tiltrotor configurations,
the cruise speed is set to the best range speed VBR at each disk
loading. Tiltrotors require lower cruise power due to higherL∕D. For
the tiltrotor, the cruise power increases first, and then it drops with
increasing DL; around 16 lb∕ft2, the cruise power is 240 hp.
Edgewise rotors require significantly higher cruise power. At DL of
16, the cruise power is 430 hp. The minimum edgewise rotor cruise
power occurs at 10 lb∕ft2 at 370 hp. The reduced cruise power has a
dramatic impact on the feasibility of electric flight, and so only the
tiltrotor configuration is considered henceforth for the electric
powerplants.
Figures 20–25 show gross takeoffweights and payloadweights for

a variety of conceptual powerplants. Figure 20 shows the gross
takeoff weights and payload weights for a turboshaft, fuel cell,
battery, and B-FC hybrid powerplant. These sizing results are based
on a two-rotor tiltrotor configuration. They use conservative baseline
technology for electric power components. This includes a battery
available specific energy of 150 �W ⋅ h�∕kg (Saft, Tesla), a fuel cell
specific power of 0.5 kW∕kg (Toyota), and a hydrogen storage
weight fraction of 5.4% (U.S. Department of Energy). The battery
powerplant assumes that the battery is energy limited rather than
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Fig. 18 Maximum lift-to-drag ratio versus disk loading for final aircraft
designed for 75 mile range; at cruise tip Mach number of 0.28.
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Fig. 19 Cruise power versus disk loading for edgewise and tilting
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Fig. 20 Aircraft payload and gross take-off weights as a function of disk
loading; various power sources; baseline technology; tilting proprotor
configuration.
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power limited, and it is therefore sized according to its specific
energy. The C rate ζ is then a fallout. The hybrid powerplant 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 mission. Charging the battery during the mission is not
considered. The results show that, for this mission, only the B-FC
hybrid powerplant can carry a payload. For a gross takeoff weight of
6200 lb, the payloadweight is around 500 lb at aDL of 10 lb∕ft2. The
weight breakdowns for this hybrid case at three different cruise
ranges are shown in Table 6. The other cruise ranges are discussed in
detail later. Fuel cells that provide 0.5 kW∕kg specific power still
require custom design. The batteries consist of 68 units of nine cells:
each cell is rated at (10 C) 100 Ah. These are high-power cells and
will require custom design.
Figure 21 shows the effects of an improvement in battery

technology. It shows that, with a battery of 250 �W ⋅ h�∕kg available
specific energy, a battery-only powerplant can accommodate a
1200 kg payload for a gross takeoff weight of 6200 lb. Figure 22
shows the effects of improvements in fuel cell and hydrogen storage
technology. A 7.5% weight fraction is a reasonable value to use for
aviation, where boiloff is of lesser concern than in automobiles.
Increasing the specific power of a fuel stack to Toyota’s reported
2 kW∕kg decreases theweight of the powerplant significantly, to the
point where a fuel cell powerplant can accommodate a useful payload
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Fig. 21 Aircraft payload and gross take-off weights as a function of disk
loading battery powered; improved technology; tilting proprotor.
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Fig. 22 Aircraft payload and gross take-off weights as a function of disk
loading fuel cell powered; improved technology; tilting proprotor.
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Fig. 23 Aircraft payload and gross take-off weights as a function of disk
loading B-FC hybrid powered; baseline technology; tilting proprotor.
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Fig. 24 Aircraft payload and gross take-off weights as a function of disk
loading B-FC hybrid powered; high-altitude and -temperature
comparison; baseline technology; tilting proprotor.
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Fig. 25 Aircraft payload and gross take-off weights as a function of disk
loading B-FC hybrid powered; baseline technology; tilting proprotor.
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of around 1800 lb at a gross weight of 6600 lb. Figure 23 combines
these improvements in a B-FC hybrid powerplant to achieve a
payload of 1800 lb with a gross takeoff weight of 6200 lb, or a
payload weight of 1900 lb for a gross takeoff weight of 6600 lb at a
disk loading of 8 lb∕ft2. The greatest impact comes from increasing
the fuel cell specific power to 2 kW∕kg.
Figure 24 shows the effects of operating at increased altitude and

temperature of 5000 ft and 20°C. This corresponds to an air density
decrease from 0.00238 to 0.00194 slugs∕ft2 and a sound speed
increase from1116 to 1132 ft∕s. As a result, the payload is reduced to
300 lb for a gross takeoff weight of 6200 lb.
Thus far, the powerplants involving batteries have been sized using

specific energy, under the assumption that the specific power (or C
rate) is not a limiting factor. Figure 25 shows how the payload weight
changes if the battery is in fact power limited. A battery’s specific
power is based on its C rating, which specifies the maximum
discharge current of the battery. The line for a C rating of 10� in
Fig. 25 is the same as the line in Fig. 20 for hybrid WPAY, in which

power was not a limiting factor. The other lines in Fig. 25 show a
decreasing payload weight because the powerplant weight is
increased by a larger battery requirement to provide sufficient power
for the mission. A B-FC hybrid powerplant using a 6 C battery and
baseline technology (150 �W ⋅ h�∕kg battery, 0.5 kW∕kg fuel cell,
and 5% wf tank) is only capable of carrying a payload of 200 lb.
Productivity is a metric used classically to select the optimal disk

loading. Productivity is defined as the useful work done per dollar.
Useful work isWPAY × Vcruise, and cost scales closely withWE. The
expression for productivity is WPAY × Vcruise∕WE. Figure 26 shows
the productivity of the hybrid powerplant 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 10 lb∕ft2,WGTO

of 6200 lb, and a payload weight of 500 lb (based on Fig. 25).
The results have shown that a hybrid powerplant is necessary to

achieve a 75 mile range with practical payload. To investigate the
possibility of further extending the range, the same aircraft sizingwas
carried out for an extended mission of 150 mile of cruise. Figure 27
shows that, for this extended mission, only the B-FC hybrid
powerplant is light enough to accommodate any payload at all. It
achieves a payload weight of 100 lb for a gross takeoff weight of
6200 lb. Figure 28 shows the results if the improved technology
factors are used (250 �W ⋅ h�∕kg batteries, 7.5% wf storage tanks,
and 2.0 kW∕kg fuel cells). With these numbers, the hybrid
powerplant achieves a substantial payload of 1600 lb for a gross
takeoff weight of 6200 lb. As in the previous mission, it is important
to note that these results require a batteryC rating of 10C, as shown in
Fig. 29. Note that, unlike in Fig. 25 for the 75 mile mission, this plot
uses improved technology numbers. Even a 4 C battery can achieve a
substantial payload of 1200 lb at a gross takeoff weight of 6200 lb.
However, with baseline technology numbers, no payload is possible
for a C rate below 10 C. The maximum productivity always occurs at
a disk loading of 10 lb∕ft2, regardless of the battery C rate.
If the hover timewere to decrease to less than 5min, theC rating for

the optimal powerplant would increase beyond 10 C. This is because
the power required for hover remains the same, whereas the energy
required is decreased. The battery is sized tomeet the required energy,
and so the battery weight required for a shorter hover mission will be
smaller. However, because the power required is the same, for this
smaller battery to deliver the same power, the C rating will increase.

Table 6 Conceptual designs for a two-rotor tiltrotor aircraft for a 5 min hover mission (FS,
fuel stack; H2, hydrogen; BAT, battery)

Cruise range, miles

50 75 150 150

Powerplant type Battery Battery-FS Battery-FS Battery-FS, improved technology
WGTO, lb 6572 6202 6202 6202
Disk loading, lb∕ft2 8 10 10 10
Rotor radius, ft 11.4 9.9 9.9 9.9
Maximum hover power, hp 670 670 670 670
Cruise power, hp 345 318 318 318
Cruise speed, mph 177 177 177 177
Total energy, hp·h 153 191 326 326
WPAY, lb 834 475 84 1560

Fuel

WFS, lb 0 1257 1257 315
PEM (W·h�∕kg — — 211 387 1544
PEM kW∕kg — — 0.42 0.42 1.65
H2 kg — — 25 46 46
Tank wf — — 5.4 5.4 5.4
WB, lb 2058 396 396 243
BAT (W·h�∕kg 152 152 152 248
BAT kW∕kg 0.53 1.46 1.46 2.38
BAT current in C 3.5 9.6 9.6 9.6

Empty weightWE

WP, lb 999 904 904 904
Motors, lb 714 646 646 646
Controller/inverter, lb 143 129 129 129
Cooling, lb 143 129 129 129
WS, lb 1577 1488 1488 1488
WOth, lb 1104 1025 1025 1025
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Fig. 26 Aircraft productivity as a function of disk loading B-FC hybrid
powered; baseline technology; tilting proprotor.
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The final mission is the shortest: 5 min hover and 50 mile cruise,

which is perhaps barely sufficient for an intracity commute.

Figure 30 shows theWPAY of different power configurations for a

range of disk loadings. For this mission, the battery-only powerplant

is best among the all-electric options. This is because less energy is

required for the mission, and a relatively large portion of it is at high

power, and so there is limited payoff for the high-energy hydrogen

fuel. For a gross weight of 6200 lb, the battery-only system can carry

a payload of 800 lb. Figure 31 shows how an improvement in battery

specific energy to 250 �W ⋅ h�∕kg would increase the aircraft

payload to 1600 lb. The fuel cell technology improvement results are

identical to that of the baselinemission, shown in Fig. 22, because the

fuel cell is sized to the maximum power, which remains the same for

the abbreviated mission.

For the shortest mission, the battery-only configuration with

baseline technology was chosen to investigate the effects of a limited

C rating. The results are shown in Fig. 32. AC rating of at least 3 C is

still needed for the battery powerplant, for a maximum payload of

500 lb, and an even greater C rating is needed for the hybrid.

Figure 33 shows the productivity of the battery-only power for

various C ratings. Based on these results, the optimal aircraft for the

shortest mission would be battery powered and would have,
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Fig. 27 Aircraft payload and gross take-off weights as a function of disk
loading various power sources; baseline technology; tilting proprotor;
extended range mission.

10 15 20

Disk Loading, lb/ft2

-2000
0 5

-1000

0

1000

2000

3000

4000

5000

6000

7000

W
ei

g
h

t,
 lb

8
6

4

C rating = 10+

WGTO

WPAY

Fig. 29 Aircraft payload and gross take-off weights as a function of disk
loading B-FC hybrid; improved technology; tilting proprotor; extended
range mission.
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Fig. 30 Aircraft payload and gross take-off weights as a function of disk
loading various powerplants; baseline technology; tilting proprotor;
shortest intracity mission.
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Fig. 31 Aircraft payload and gross take-off weights as a function of disk
loading battery-only powerplant; improved technology comparison;
tilting proprotor; shortest intracity mission.
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Fig. 28 Aircraft payload and gross take-off weights as a function of disk
loading B-FC hybrid power; improved technology comparison; tilting
proprotor; extended range mission.
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approximately, batteries with a C rating of 4 C, a disk loading of
10 lb∕ft2,WGTO of 6200 lb, and a payload weight of 800 lb.

VII. Conclusions

The use of hydrogen fuel cells combined with Li–ion batteries was
examined as a potential candidate to increase range, endurance, and
payload of electric vertical takeoff and landing (eVTOL) aircraft.
Based on systematic hardware testing, analytical modeling, and
eVTOL sizing, the following key conclusions were drawn:
1) 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 principlemethods
to identify these components easily, and so a semiempirical approach
is essential.
2) The models developed in this paper were generally able to

capture the magnitudes and waveforms of experimental data. Some
mean errors existed for both the fuel stack and battery. Additionally,
the fuel stack model failed to capture a transient occurring
immediately after it was 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 voltagemodel was accurate towithin 5%
for both the battery and the fuel cell.

3) The fuel cells used in this researchare in fact faster to respond than
batteries, and both are agile enough to handle rapid power transients in
vertical takeoff and landing, as long as the current remains in the
nominal range. The time constant in the normal operating range for the
fuel stack was 0.02 s; for the battery, it was 1.69 s. There are more
significant transient behaviors in the low-current (high voltage) and
high-current (low voltage) ranges that require further investigation.
These limits are important for fuel cell eVTOLbecause they occur near
the highest efficiency and highest-power limits of the fuel cell.
4) An estimate for the fuel stack balance of plant power losses was

found to be 15–25% of operating power. This loss was primarily due
to the dc–dc stepdown, a smaller additional loss associated with the
diodes used for power sharing regulation, and a very small loss due to
the length of electrical wiring.
5) An estimate for weight overhead of the fuel stack is 15%, which

is again primarily from power electronics. This is themass that would
not be included in the reported specific power of a fuel stack. The
value is conservative for this small low-end fuel stack and stepdown.
6) For a baselinemission of 75miles using a tiltrotor aircraft, a fuel

cell and battery combined powerplant is the best option. Using
150 �W ⋅ h�∕kg and 10C batteries, a 0.5 kW∕kg fuel stack, and a 5%
wf tank, an aircraft sized for thismission can carry 500 lb (at least two
passengers) with a gross weight of 6200 lb and disk loading of
10 lb∕ft2. The B-FC combination is superior to either electric power
source alone.
7) For a longer intercity mission of 150 miles, the fuel cell and

battery combined powerplant is the only option that gives a practical
payload with present technology. At this range and speed, using
baseline technology, a tiltrotor aircraft optimized for productivity
(payload weight × speed/empty weight) has a disk loading of
10 lb∕ft2, a gross weight of 6200 lb, and a payload of 100 lb.
8) For a short intracity mission of 50 miles, batteries alone are the

lightest powerplant option. For this mission, using 4 C batteries with
baseline energy density (150 �W ⋅ h�∕kg), a 6200 lb aircraft with a
disk loading of 10 lb∕ft2 can carry 800 lb.
9) An improved battery C rate (i.e., power density) is critical to

using batteries in eVTOL for practical payloads. Based on the
mission profile used in this paper, with baseline numbers
(150 �W ⋅ h�∕kg batteries, 0.5 kW∕kg fuel stack, and 5% wf tank),
a 50 mile mission requires a 4 C battery for a payload of 800 lb or 3 C
for a payload of 500 lb, a 75 mile mission requires 10 C for a payload
of 500 lb or 6 C for a payload of 200 lb, and a 150 mile mission
requires 10 C for a payload of 100 lb. The Current Battery
Technology of 150 �W ⋅ h�∕kg and 3 C is insufficient to carry a
practical payload for distances much more than 50 miles.
10) With future technology reported by the industry

(250 �W ⋅ h�∕kg available for batteries, 2 kW∕kg for fuel cells, and
7.5% wf hydrogen storage) for the baseline mission of 75 miles, an
aircraft with a gross takeoff weight of 6200 lb can carry a payload of
1900 lb with a B-FC hybrid powerplant, or 1800 lb with a fuel-cell-
onlypowerplant. For the extended rangeof150miles, a 6200 lb aircraft
can carry 1600 lb with a B-FC hybrid powerplant. For an intracity
range of 50 miles, a 6200 lb aircraft can carry a 2000 lb payload using
batteries alone.
11) Strategic investments for technology development depend on

the target mission length. Formissions longer than 50miles, improved
technology for fuel cell power density is very promising for combined
battery and fuel cell powerplants. For shorter missions, improving
battery energy density for battery powerplants is more important. For
all mission lengths, battery power densitymust be improved to 4–10 C
if specific energy remains limited to 150 �W ⋅ h�∕kg batteries.
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