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Electrification of the aircraft propulsion system has the potential to decrease the flight energy
requirement, by leveraging higher component efficiencies as well as distributed propulsion and
boundary layer ingestion. Previous results have shown an energy-usage benefit for small all-
electric aircraft over conventional aircraft, but the benefit is highly sensitive to the underlying
technology-level and modeling assumptions. This work presents models for the components
of an all-electric propulsion system (battery, converter, motor) at a fidelity level that captures
their operational behavior under the variable-power loads of the different flight segments.
They are integrated into an all-electric propulsion powertrain sized for a commuter aircraft
mission carrying 19 passengers over 100 nmi, as well as for the NASA X-57 Maxwell mission.
Results using these higher-fidelity models predict a heavier propulsion system that consumes
more energy than what is obtained from low-fidelity models with a constant-power, cruise-
only representation of the mission. Motors and converters, sized for the maximum power
requirements in a mission, show differences in efficiencies even across lower-power segments.
Resulting system voltages are found to be well beyond currently certifiable limits. Distributed
propulsion helps brings system voltages down with a small powertrain efficiency penalty, but
increases the mass of the powertrain components.

I. Introduction

A. Motivation and Background

The steady growth in the demand for air transportation and the increasing emphasis on environmental sustainability in
recent years have opened up the aircraft design space for novel architectures and configurations that could enable much
higher energy efficiency levels for commercial aircraft. One promising avenue is the use of electrical components to
generate the propulsive forces.

Electrification of the aircraft propulsion system can leverage higher component efficiencies, as well as enable
additional benefits through distributed propulsion (DP) and boundary layer ingestion (BLI), to potentially provide energy
usage benefits over current hydrocarbon-fueled aircraft. There are, however, inherent challenges with electrification.
Batteries currently have almost two orders of magnitude smaller pack-level specific energies (energy per unit mass) at
about 175 Wh/kg than hydrocarbon fuels’ roughly 13 000 Wh/kg, and even with substantial improvements, are unlikely
to reach specific energies comparable to fuel. Therefore, replacing an existing propulsion system with an electrified
system is not expected to yield benefits due to the added complexity and weight [[1]. Instead, the full aircraft has to be
reconfigured, to take advantage of higher power delivery chain efficiency, as well as to leverage DP and BLI.

In previous work [2]], we focused on exploring the design space with low-fidelity models and a cruise-only analysis
of electrified aircraft across different missions (payload and range), different technology levels for electrical components,
and aircraft configurations with and without DP and BLI. Those results showed that there can be energy-usage benefits
for electrified aircraft across various missions, with the largest energy benefits seen for small aircraft flying short
missions. An all-electric commuter (thin-haul) aircraft was found to be feasible and even beneficial with technology
levels that are expected to be reached within the next decade or two. However, the high sensitivity of those results to
electrical component technology levels (energy-to-mass and power-to-mass assumed values), as well as to the sizing
constraints, indicates the need for higher-fidelity electrical component models that capture their behavior for the variable
power conditions of the full flight profile.
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B. Scope

Going beyond the trends and relative benefits of the various power system architectures and definitively concluding
whether electrification makes sense for specific missions can only be done on the basis of low-uncertainty representations
of the propulsion system components, in particular with regards to masses and efficiencies. In order to address this
challenge, this paper presents models of electric propulsion powertrain components — namely battery, converter, and
motor — which capture operational behavior associated with variable power loads across the different flight segments.
The components are then integrated into an all-electric propulsion powertrain for a commuter aircraft mission, which is
sized based on the energy and power demands for the flight. The results quantify the masses of the components and of
the overall propulsion powertrain, as well as energy requirements. Comparison is made with low-fidelity modeling
results, and the differences explained in terms of operational behavior.

C. Terminology

The term all-electric is used to refer to a propulsion system architecture where all the energy needed for propulsion is
stored in batteries. An all-electric architecture consists of a power delivery chain from the batteries to one or more
converters, each of which powers a motor that drives a propulsor (typically a fan). The mission considered here is that
of a commuter aircraft, carrying a payload of 19 passengers over 100 nmi. The Viking Air Twin Otter is a representative
commuter aircraft that serves as the conventional baseline for the analysis.

Low-fidelity modeling refers to the representation of the propulsion system components as being sized based on their
energy or power requirement via assumed specific energy or specific power (i.e., energy or power per unit mass) values,
as done in previous work [2]. In addition, components also have prescribed efficiencies. The chosen values for specific
energy, specific power, and efficiency are obtained from a review of current and future technology trends.

Higher-fidelity modeling refers to the approach used in the present work. These models capture operational behavior
of the electrical components, such as the nonlinear discharge of a battery, or the variable efficiency of a motor running
at variable power. They do not, however, attempt to account for the materials that make up these components, as the
goal is to produce models that can be used interchangeably and reflect changes in technology levels rather than having to
rely on material property libraries. These models still use specific energy and specific power values to size them, but
present a more accurate picture of how power is consumed. Component efficiencies are calculated at different points of
operation based on how efficiently power flows through the component for a certain power load or flight segment.

II. Component Models

At the system level, the propulsion system is characterized by its power, energy, and mass. The modeling goal is thus to
predict values for these characteristics, in order for the propulsion system to then be integrated into an aircraft sizing
and mission analysis framework. This work focuses on an all-electric propulsion powertrain, with a power chain of
battery-converter(s)-motor(s) delivering power to propulsor fan(s). We model batteries, converters and motors (which
put together we refer to as the powertrain), but leave out the propulsor fan for now . Distributed propulsion is represented
by the number of fans driven electrically, with Mg, > 2, where each fan is assumed to be driven by a converter-motor
array. Boundary layer ingestion is left out for the aircraft-level framework in which our powertrain would be integrated.

A. Low-Fidelity Models

A basic representation of an electrified propulsion system is obtained by specifying values for each component’s specific
power, specific energy, and efficiency, more details of which are given in [2} 3]]. These low-fidelity models assume a
constant-power operation. While components are sized for the highest power needed over a mission, this approach
assumes the components run at the same efficiency at those segments requiring less power than what they are sized for.

The battery, which acts as both an energy source and a power source, is characterized by its total available energy,
Evat, and the instantaneous power it supplies, Ppae. The Ragone relation [4] models the non-dimensional relationship
between battery efficiency, npa, and power as
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where Ppx is the maximum power that the battery can deliver. The efficiency accounts for the losses inside the battery
and models the fact that the usable amount of energy effectively decreases as the battery is operated at higher power.



Dividing Epy and Ppax by the battery mass results in battery specific energy (BSE) and battery specific power (BSP),
both important technology parameters.

The converter and motor both convert power with a certain efficiency. Therefore, the relevant parameters used to
model these two components are their respective powers, Peony and P, and efficiencies, 17cony and 7mot.

B. Higher-Fidelity Models

This paper presents a set of higher-fidelity models that capture operational behavior of components under different
power loads, so the components can be sized accordingly. They are of higher-fidelity than the models in Sec. but
without going into the detailed analyses of the properties of materials used to manufacture these components. The
propulsion powertrain in Sec. [l integrates these models in such a way that the components could be replaced with
alternative or updated models.

1. Battery Model

Batteries have different discharge profiles based on a variety of factors, including electrical loads on the battery,
cell chemistry, operating temperature, and age. Different batteries also use various forms of packaging, resulting
in a knockdown from cell-level specific energy and power values to pack-level. While it is difficult to find detailed
specifications for battery packs in commercial use, most packs consist of standard cells whose manufacturer specifications
are generally available and can be used to build up a battery model.

We only model here the discharge of batteries, with the goal of assembling the simplest model of an all-electric
powertrain that only depletes the battery through the mission. The charging behavior would be different than just the
inverse of a discharge, and is left to be modeled in future work.

The nearly-linear discharge model of [3]] is used here. It takes into account the nonlinear nature of discharge by
performing a curve fit on discharge data from manufacturer cell specification sheets to obtain an equation for capacity
discharge. Cell capacity, denoted Q, is the amount of available charge in units of Ampere-hours (Ah). A discharge
curve plots the capacity against the voltage, V.

Figure [I] shows the discharge profile of the Samsung INR 18650-30Q cells used in the NASA X-57 Maxwell [6].
The voltage drop as the capacity decreases is nonlinear around the upper and lower extremes of capacity, and fairly
linear in the middle. The different currents show how the capacity would discharge under different loads, with faster
depletion at higher discharge currents.

It is important to note that the entire capacity of the cell cannot be used. Dipping into the upper extremes of capacity
reduces the lifetime of the cells and degrades performance through faster discharging. Frequent charging to 100%
capacity stresses the cells and thus also shortens battery life. Consequently, only the middle portion of the capacity is to
be used in practice. For this analysis, it is therefore assumed that the lower 10% and upper 20% of the capacity are
unavailable following [3].

Model: INR18650-30Q(1.0CmA =3000mA)
Charge: CC-CV 4A, 4.2V, 100mA cut-offat23 T
Discharge: CC 1C/5AI10A/15A/ 2.5V cut-offat23TC
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Fig. 1 Discharge profile of the cell used in the batteries of the all-electric NASA X-57 Maxwell [6].



Once we limit ourselves to the capacity range of 10% to 80%, the discharge curve is almost linear. A simple,
nearly-linear equation [S] models this region of discharge as

V=Vy-KQ-RI-GIQ, )

where V is the voltage under the electrical current I, V; is the open source (no load) voltage that can be found in the cell
datasheet, Q is the total capacity discharged up to the present instant in time, and R is internal resistance of the cell.
The two modeling constants are K, which sets the primary dependency between voltage and capacity, and G, which
represents the change in the slope of the discharge curve due to current.

Fitting the discharge model equation [2] to the manufacturer’s discharge curves allows us to determine the four
unknowns in the above equation: K, R, V), and G. The values of K and G can be found from the slopes of two discharge
lines (a system of two linear equations), while Vy and R (if not given by the manufacturer) can be obtained from
the y-intercepts. Using this approach, the parameters for the cells of the X-57 are found to be: K=0.371V/Ah,
G=-0.00520 V/A%h, Vy=4.16 V, and R=0.0265 Q.

The above approach assumes constant current throughout discharges and only traverses one current curve at a time.
However, for aircraft applications, the cell does not discharge at a constant current; instead, it discharges at (piecewise)
constant power based on utilization along flight segments. Since power is the product of current and voltage for DC
circuits, the previous equation can be rewritten in terms of power, P, as

V=V,-KQ-RP/V-GQPJV . 3)

In order to easily compute the energy consumption, this expression is linearized as follows. Introduce the first-order
Taylor series expansion of 1/V and Q/V about a point (Qy, V;,) on the curve,
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into Equation (3)), and rearrange to solve for the voltage, thus obtaining the linear expression

V=V, -K(Q-0n), (6)

where K= K+ GP/V, , (7
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and V, = % (Vo — KO, + V(Vo — KO»)? — 4(RP + GPQ,)| . (8)

The energy AE provided during a discharge period is the integral of the voltage with respect to charge:
AE = f dE= f V dQ. This integral can be evaluated as the area of the trapezoid under the V vs. Q line, namely

1
AE = 5(Vi+Vf)(Qf—Qi), ©))

in which (V;, Q;) and (Vy, Qy) are the points at the start and end of the discharge, respectively. Substituting expressions
for V; and V; from the linearized model in Equation @ and simplifying yields the energy provided by the battery:

Qi+0r
2

ap = v, - Qn)] -0 . (10)

In the above equation, the constant power appears explicitly in the expression (7) for K. Additionally, if the energy is
thought of as the time integral of power, then the energy delivered over a short time Af is simply the product AE = P At.

While simple, this model captures the constant-power dynamics of battery cells, useful for modeling flight segments
with different power requirements. The constant power energy delivery over small increments of time can be piecewise
integrated to offer a picture of what the energy consumption would be over the entire mission while accounting for the
effect of power level on energy consumption. Furthermore, this models allows analysis of cells that are already in the
market. Novel battery cells can be incorporated via their discharge profiles, and one can then evaluate whether those
cells could form building blocks of batteries to benefit powered aircraft.



2. Motor Model

The motor model is derived using a first-principles approach that considers the flux paths through the stator and rotor,
including the stator/rotor poles and yokes, the air gap, and the rotor shaft. A Switched Reluctance Motor (SRM) is
chosen for its suitability in high-speed as well as variable-speed operations [[/] — needed to deliver the different power
levels across different flight segments SRMs offer a high power density and a compact size. These motors offer high
reliability as well, as the motor phases are electrically independent with negligible mutual coupling. As a result, even if
one phase develops a fault, the motor can still operate, although at reduced power. In addition, SRM design is simpler
since the machine has windings in the stator only, negating the complexity of having windings in the moving rotor.
Having windings in the stator also allows for better manufacturability, greater accessibility in terms of maintenance, and
easier cooling. The Boeing SUGAR Volt concept is an example of a study that opted for an SRM. [8]]. Drawbacks
include high torque ripple, which can be controlled with careful design, and acoustic noise, whose reduction is the topic
of ongoing research [7].

An SRM, whose cross-section is schematically illustrated in Fig.[2] consists of an outer portion that houses the stator
yoke and the stator poles, and an inner portion that includes the rotor poles, the rotor yoke, and the rotor shaft, with an
air gap separating the two portions. The stator poles have windings (coils) around them, through which current flows to
induce a magnetic field. In the position shown in Fig. 2] diametrically opposite rotor poles R, and Ry are aligned with
stator poles Sp and Sp respectively. When current flows in the windings around diametrically opposite stator poles (S4
and S4), the resulting magnetic field attracts the unaligned rotor pole pairs Ry and Ry towards S4 and Sy, respectively.
Once these rotor poles and stator poles are aligned, the current in the windings around stator poles S4 and S4 is turned
off, and the current in the windings around stator poles Sp and Sp- is turned on. This switching of current attracts Ry
and Ry towards Sp and Sp, respectively. If the current is switched in the sequence ABC the rotor rotates clockwise,
whereas a sequence AC B produces a counterclockwise rotation. A g-phase SRM has a number Ngp of stator poles and a
number Ngp of rotor poles in the ratio ¢ : ¢ — 1. The motor shown in Fig. 2] has 6 stator poles and 4 rotor poles, making
it a 3-phase machine.

We adopt the method from [7] for sizing the SRM based on power output, which is as follows. When the rotor pole
pairs are aligned or unaligned with the stator pole pairs, flux linkages are present because of the flux paths induced by
the magnetic field. Flux linkage, A, is defined as

A=L6,DI, (11)

where L is the inductance, 6 is the rotor position, and / is the operating current. Figure [2] shows a representative
flux linkage versus operating current plot for the aligned and the unaligned cases. The area between the aligned and
unaligned curves represents the incremental mechanical work done per stroke, §W,,, of the machine operating at a peak
current /,. The average torque can then be calculated as

oWy, Nsp Nrp
Toyg = o SPIRP (12)
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Fig.2 (Left) Switched Reluctance Motor (SRM) cross-section schematic, and (right) illustration of flux linkages
versus current curves for an SRM.



The mechanical power that the motor outputs is then the product of its average torque and the operating rotational speed,
Poutmot = Tavg Wmot - (13)

Thus, calculating the output power of the motor involves generating the flux linkage plots for the aligned and unaligned
cases, then calculating the area between them. Since the flux linkage A is a product of the inductance L and the current
1, it is sufficient to calculate the inductances for the aligned and unaligned cases.

The left side of Fig. [3|shows the flux paths when a rotor pole pair is aligned with a stator pole pair. The flux paths
can be divided into two sub-paths: FP1, shown as blue dashed lines, and FP2, shown as solid red lines. Each sub-path is
modeled differently. For the flux sub-path FP1, a magnetic equivalent circuit, as seen in Fig. 3] is constructed using all
the segments of the motor that the flux passes through (stator yoke, stator poles, air gap, rotor poles, and rotor yoke).
Each segment has an associated reluctance, analogous to a resistance in an electrical circuit. The magnetic flux, ¢,
through each segment is the “current”, and the magnetomotive force (mmf), F, is analogous to the electromotive force.

By Ampere’s circuital equation, the applied mmf has to equal the sum of the mmf’s across each segment, such that

1
k= Z H ¢ =2 (Hsp, lsp, + Hrp,{rp, + Hg, (g,) + 5 (Hsy, lsy, + Hry, (ry,) » (14)
paths
where H represents the magnetic field intensity and ¢, the average length of the flux path in a segment. The subscripts
SP and RP respectively indicate stator and rotor poles; the subscripts SY and RY respectively indicate stator and rotor
yoke; and the subscript G refers to the air gap. The magnetic flux in the aligned scenario is the product of the magnetic

flux density, B, and the area of the segment in the flux path, A. For the stator pole, it is then

¢a = BSP] ASP] ) (15)

with similar expressions for the remaining segments. To calculate the inductance and ultimately the output motor power,
a flux density in the stator poles, Bsp,, is assumed, and the flux densities in the other segments calculated per the
corresponding area relative to that of the stator pole, namely
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Fig. 3 (Left) Flux paths when the rotor and stator pole pairs are aligned, and (right) magnetic equivalent
circuit for flux path FP1 (blue paths in the left image).



The mmf for each segment is then calculated by looking up the magnetic field intensity (H) values from a B-H curve of
the lamination material. We assume in this work that the material is electrical-grade M19 steel [9]. The products H ¢ of
different segments are summed up to obtain an estimate of F;. Since the applied mmf should be equal to

F = (Ncoil/Q)Is (20)

where (Ngoi1/¢) is the number of turns of winding per phase and I the current through the motor, we iterate on the initial
guess for Bsp, until

ZHKZ(NCOH/Q)I' 2n

paths

With the converged values of the H’s, the reluctances for each segment can now be calculated as

R, = JLAG (23)
Rgrp, = %, (24)
Rsy, = gss%jss: 5 (25)
Rry, = %, (26)

where p is the permeability of free space. Finally, the inductance can be computed as

. X 2
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where Rgq, is the total reluctance of the magnetic equivalent circuit, found by replacing the reluctance network in Fig. E]
by an equivalent reluctance, in a manner similar to how a resistor network is replaced by an equivalent resistor for
electrical circuits.

A similar iterative procedure is used to calculate the inductance due to flux path FP2, which only includes the stator
poles and the stator yoke. Only three-quarters of the stator mmf accounts for the flux in FP2, but there are four paths, so
the inductance due to FP2 in the aligned case is

. 3 ) 2
(Neoit/q) 4¢a) _ 3 (Neoil/q) ) (28)
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where Rggq, is the total reluctance of the magnetic equivalent circuit of FP2. The total aligned inductance is then the
sum of the inductances due to the two parts

Req,

Lo =Ly + L, . (29)

The process for calculating the inductances for the unaligned case is more complex, since the flux paths do not flow
as cleanly from the stator poles to the unaligned rotor poles. Instead, they break away from the stator poles at angles and
enter rotor poles at angles, requiring the use to trigonometry to estimate average path lengths and segment areas covered.
Instead of two flux sub-paths, the flux lines must be divided into more sub-paths, each requiring its own analysis of
equivalent magnetic circuit, Ampere’s law equation, efc. The iterative process of calculating the magnetic flux density
for the unaligned case in each segment and thus the inductance is nevertheless similar to the aligned case. The method
is described extensively in [7], and will not be reproduced here. Figure[d] presents this method as an algorithm.

After all the inductances are calculated, the process is repeated for a range of operating currents from low current to
the peak current of the machine. The flux linkage (4 = L I) is then computed and plotted against current. The area
between the aligned and unaligned flux linkage is used to calculate torque, and hence the output power.

The power output by the motor is smaller than the power that it receives due to the presence of losses in the system,
which can be divided broadly into two types: copper losses, or losses in the windings around the stator field as current



flows through them; and core losses, or losses at the core parts of the motor which is typically made of a ferromagnetic
material. Copper losses are due to the resistance of the wires making up the coil, and the power loss can be calculated as

P, =qI* (Reoil/q) . (30)

where ¢ is the number of phases in the motor, / is the operating current, and (Rci/¢) is the resistance of the stator
winding per phase. This resistance can be calculated using the standard equation for the resistance of a wire,

Ecoil (Ncoil/Q)

, 31)
0 Acoil (

(Rcoil/Q) =

where o is the specific conductivity of the conductor (usually copper), i is the mean length of wire in one turn of the
coil, (Neoit/¢q) is the number of turns per phase, and A is the cross-sectional area of the conductor.

Core losses are determined using power loss coefficients tabulated according to the motor switching frequency and
operating speed. Core losses can be subdivided into three types: hysteresis, eddy-current, and excess losses. Hysteresis
losses arise from changes in the flux density B and magnetic field intensity H of the core. Eddy-current losses are due
to parasitic currents through the core. Excess losses are produced by the movement of the magnetic domain walls, as
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Fig. 4 Algorithm to calculate inductances for the motor (adapted from [7]).




Table 1 Motor core power loss coefficients for the different motor segments and loss types.

Core Loss Coeflicients [W/kg]
Segment Hysteresis Eddy-current Excess
:Phys :Peddy :Pexs
Stator pole 5 13 1.4
Rotor pole 8 32 1.8
Stator yoke 3.5 19 0.95
Rotor yoke 9.5 20 1.3

well as the rotation of the domain dampened by eddy currents [10]. For a switched-reluctance motor operating across a
range of speeds, specific power loss coefficients P (power lost per unit mass) were calculated for each segment (stator
yoke, stator poles, rotor yoke, and rotor poles) and for each core loss type in [[LO]. The results revealed that the loss
coefficients are relatively insensitive to operating speed. Therefore, for this analysis, loss coefficients are assumed to be
constant and given the values in Table[T}

The total core losses are then calculated as a sum of the core losses of all segments

Peore = Z Pemy = Z (Thys,k + iPeddy,k + Texs,k ) oV, (32)
k k

where pg, my, Vi are the density, total mass, and total volume of segment k respectively. That is, for Ngp rotor poles,
my, includes the mass of all of them.
The input power to the motor is then the sum of the output power and the losses

Pmot,in = Pmot,out + Pc., + Pcore 5 (33)
and the motor efficiency is given by
P
TImot = =, (34)
PmoLin

3. Converter Model

A switched reluctance motor (SRM) requires a converter to switch power delivery among its phases. Over one switching
cycle, each phase of the motor needs to have the associated windings energized so that the rotor poles align with
them sequentially, and the motor completes revolutions to generate mechanical energy. SRMs run on DC power since
the switching of current (turning current on and off) sequentially between the phases is enough to drive the motor.
The appropriate converter can then be modeled as a non-ideal DC-DC transformer, or equivalently, an ideal DC-DC
transformer plus losses [[11]].

The ideal converter, illustrated in Fig.[5a), is represented as the DC-DC transformer equivalent circuit of Fig. [5|b).
The output voltage Veony,our, T€Sistance Rioad, and current / represent the connection to the motor, while the input
represents the power delivered by the battery. A control input called the duty cycle, kq, determines what fraction of the
cycle has current on and what fraction has current off out of the cycle length (period) 7. The duty cycle changes based
on the switching requirements of the motor. The current time-evolution through the circuit, illustrated in[5|c), has a
peak value Ip with ripples of magnitude Ai assumed small compared to /p. The model shows an error of about 0.3% for
Ai/Ip = 0.1, so the DC transformer approach works well to represent the converter [11]. The output voltage, Veony,out, 15
a function of the input voltage, Vcony,in, and we need to construct a model for their relationship.

The non-ideal or practical converter, shown in Fig. E], consists of switches and diodes, which have an associated
resistance and a voltage drop when in operation that make up the switching losses. The resistance of the wiring is also
taken into account, and results in copper losses similar to those of the motor. When the current is high (I =Ip + Ai from
t =0tot = kq7), the switch is on and the diode is reverse-biased, leading to an open circuit where the diode is located.
Using Kirchoft’s voltage and current laws (KVL and KCL), we can write expressions for the voltage drop across the
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Fig. 5 Schematic of (a) ideal DC-DC converter, (b) equivalent circuit for DC-DC transformer representation
of the converter, and (c) current waveforms over a cycle.
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inductor and for the current through the capacitor respectively as

for 0<t<kgt, V()= Veonvin—IR —1IRen (35)
Vi
and Ic(t) __ conv,out i (36)
Rload

where Ry is the resistance of the inductor and R, is the on-resistance of the switch. When the current is low, the switch
turns off, but the diode is forward biased by the inductor current. Using KVL and KCL again for this case gives

for kyr <t <7, V,(t)=Veonvin— IR —V, — IR, = Vour (37)
1%
and (1) = [ - —=2 (38)
Rload

The average of these over one time period, 7, are calculated as

1 T
<V, > —/ V. (1) dr, 39
TJo

1 T
<I.>=- / I.(t)de . (40)
T Jo
Setting both these average voltage and current to zero allows us to determine the output voltage

2
ké Rioad

k/*Rioaa + R, + kqRon + kjR, |’

1 7
Vconv,out = P (Vconv,in - deD) (41)
d

which is a function of the duty cycle kq, its complement k(’i = 1 — kg, the input voltage Vconv,in, the voltage drop Vp
across the diode, as well as the respective resistances Ry, Rp and Ry of the switch-on, diode, and inductor. It also
depends on what the load is, in this case a motor with resistance Rjo,q through which a current 7 flows.

We now have all the variables needed to calculate the input and output powers for the converter,

Pconv,in = Veconv,in I, (42)
Pconv,out = Vconv,out ké I, (43)
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as well as the converter efficiency

P
HNconv = o . (44)

Pconv,in

For the subsequent analysis, we use the representative values for the on-resistance of diodes, R, =0.5 €, the voltage
drop across diodes, V;, =3.75 V, from [12], and the value on-resistance of switches, Ry, =5 Q from [13]]. The resistance
of the inductor, R, , is assumed to be negligible. All of these sub-components are assumed to be able to operate in
high-voltage, high-current environments, as required for the large amounts of power consumed over aircraft flight.

I1I. Integration and Component Sizing

A. Propulsion Powertrain Integration

The all-electric propulsion system, illustrated in Fig.[7] consists of the power delivery chain starting at the battery,
connected to a set of converters, each driving a motor that powers a propulsor fan. With Np,, propulsors and a propulsor
efficiency 1y, the total mechanical flow power added to the flow by the propulsion system is

Pk = Nran Man Pshaft » (45)

where Pg,f is the power delivered to each fan by its driving motor. In this work, the modeling control volume is drawn
at the level of the powertrain (i.e., battery + converters + motors) shown as the dotted line in Fig.[7} and we assume a
constant propulsor fan efficiency ng,, =0.8 following [2].

Each propulsor is powered by a motor, which delivers its power

Pshatt = Pmot,out = Mmot Pmot,in » (46)

where 17mt is the efficiency of the motor. Similarly, each motor is driven by a converter, with all the converters powered
by the battery, such that

Pmot,in = Pconv,out = Tlconv Pconv,in > (47)
Pbat = NfanPconv,in . (48)

The mass of the propulsion powertrain is calculated by adding the masses of its components,
Mpower = Mpat + Ntan (Mcony + Mimot) 49)

and the component masses are calculated from their specific energy or specific power

Mpat = Ebat/BSE (50)
Mcony = Pconv,in /SPconv (51)
Mmot = Pmot,in/SPmot . (52)

Fan p p
a Propulsion Powertrain

Hnot.out
Motor Peonvout|  Converter
Thmot Prnot.in Tlconv conv,in
Py, =
Ntan Ntan Pehatt
Fan Phat
. Ntan
Motor Converter
Pshaft
. Ppat
. Ntan
. Nl'an

Fig. 7 Propulsion powertrain schematic.
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Note that the propulsion powertrain used for mass calculation ends at the motor, and the mass of the propulsors is not
included. Future work will also size the propulsors, and thus be able to account for the potential weight savings of
distributed propulsion.

B. Component Sizing

The input to our powertrain model is the mechanical flow power profile, Pk, , along the various flight segments.
These flow power requirements set the power input for each fan, Pg,,, and the motors can be sized to supply that
corresponding power (Pmotout = Pran). The converters in turn are sized to drive the motors (Pconv,out = Pmot,in), and
converter efficiency dictates the amount of power that the full set of Ny, converter + motor elements draws from the
batteries (Nan Peonv,in = Poat)-

The battery acts as both a power and an energy source, the battery is sized to provide the energy required for the full
mission while also being able to supply the power needed for each segment. The converter and motor only deal with
power, and therefore their sizes are set by the maximum power that they have to supply over the mission. For example,
if the climb segment requires the most power, then the converter and motor are sized for climb. For the rest of the
segments, those same converter and motor are used, and the model thus captures the effect of the efficiency change in
sub-maximum-power operation.

1. Motor
Motor sizing is based on the output equation for an SRM [7]],

Pout,mol = Tmot kaky ky B As D2 L wmot » (53)

where k| =n/4, B is the motor’s magnetic flux density, D its bore diameter (or the inner stator diameter), L its length in
the direction perpendicular to the plane of the cross-section shown in Fig. 2] and wme its rotational speed. Note that D
is the diameter of the machine when the rotor is taken out and all that is left is the stator yoke and the stator poles with
windings. As such, D incorporates the air gap {G between the stator poles and rotor poles in the aligned position.

To size the motor, it is common design practice to express its length as a fraction of the diameter, namely L=k D,
such that the output equation becomes

Pout,mot = Nmot kkgkikoBAg D3 Wmot - (54)

This expresses the output power as a function of the rotor bore diameter: Poy,mor & D3, and provides a starting point to
size the motor.

The duty cycle
_ BigNrp
T 2n
is the fraction of a time period over which the current in a phase is high, and is calculated from the number of phases, g,
the number of rotor poles, Nmor,, and the current conduction angle for a rising induction profile

ka

1

0; = E [GRP - (ﬁs +,8r)] s
where )
T
Orp =
K NmotR

is the rotor pole pitch (in radians), and S5 and 3, are the stator and rotor pole arcs respectively (also in radians).
The constant k; is determined by the unaligned inductance L,, and the slope L} of the line joining the aligned
inductance L, to the origin in the flux linkage versus current plot of Fig.[2] as

L

ky=1-—
2 LZ
Finally,
A = 2(]vcoils/Q)lm
g= ————————— .
D
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Table 2 Technology scenarios: assumptions values for electrical component parameters.

Parameter Current State-of-the-Art ~ Conservative 2035  Expected 2035  Optimistic 2035
Pack BSE [W-h/kg] 175 250 575 900
Motor Specific Power [kW/kg] 2 9 12 16
Converter Specific Power [kW/kg] 2.2 9 14 19

is the specific electric loading, calculated using the number of turns per phase N5/ ¢, the current I, and the number of
phases that conduct simultaneously .

Initial values are assumed for all the constants that depend on the motor dimensions themselves, and the diameter is
calculated for the required output power. Some of the motor dimensions have to be determined a priori, so parameters
like phase, number of rotor and stator poles, have to be set first. This analysis assumes a 3-phase motor with 6 stator
poles and 4 rotor poles, so we take g =3, Nsp= 6, Nrp=4, and m = 1.

These parameters in turn allow either calculations or setting limits on other geometric dimensions like 8s, 8, and
Orp. The rest of the dimensions are calculated using the geometry of the switched reluctance motor. An air gap length
{G =0.5mm is assumed, in line with currently available industrial motors [7].

Through initial guesses of some parameters and calculations of others, the motor performance is analyzed using the
model presented in Sec. [[I.B.2] The motor output power developed by the initial design is then checked against the
required output power before iteratively re-designing the motor until the requirement is met. Once the design closes, the
total input power to the motor, P in, is calculated by adding the output power and the losses. This motor input power
becomes the output power for the converter (Pcony,out = Pmot.in), and provides the starting point for converter sizing.

2. Converter

The converter model takes the power required for the motor, the duty cycle, and the resistance of the motor windings as
inputs, then sizes the converter based on the model for a DC-DC transformer with losses model of Sec. The
converter losses (copper losses and switching losses) are calculated, and the sizing input power to the converter Pcony,in
for that flight segment determined, thus serving in turn to size the battery.

3. Battery

The power needed by the converter is multiplied by the number of propulsors to obtain the required power output of
the battery: Ppat = Nran Peonv.in- The model uses the method described in Sec. to size the battery for this power
requirement. The power required is multiplied by the time duration for the flight segment to obtain the energy use by
each segment, and the battery is sized to meet both the total mission energy consumption Ep,; (sum of energy usages for
all segments), and the power requirements of all segments.

C. Technology Scenarios

Table 2] summarizes the technology scenarios that are used in the present work to assess the effect of technology level
on the feasibility of electrified aircraft. Only a general justification for the selected value is presented here, but the
interested reader can find a detailed discussion behind the rationale for using these values in previous works [2} [3]].

The current battery specific energy (BSE) was taken from the all-electric two-seater Airbus E-Fan [[14]. Conservative
2035 BSE assumes no new breakthroughs in battery technology, whereas the optimistic value assumes novel battery
chemistries that are made rechargeable and commercialized by that time. Expected 2035 are values in-between
conservative and optimistic estimates.

For the other electrical components, the current and conservative specific powers and efficiencies are taken from a
National Academies of Engineering report [15] on reducing global carbon emissions. Ongoing NASA-funded research
has demonstrated much higher numbers at test-bed level [16], and it is reasonable to expect that these numbers may be
achieved at the system level in 2035. Therefore, these numbers form the basis of the optimistic 2035 assumptions. All
the expected 2035 assumptions are simply the average of the conservative and optimistic 2035 assumptions.
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D. Aircraft and Mission Power Profiles

Since it is expected that all-electric power system architectures will only be feasible for small aircraft flying short
missions in the near future, we study a commuter aircraft (modeled similarly to the Viking Air Twin Otter) and the
all-electric NASA X-57 Maxwell, with the relevant mission parameters for both of these given in Table[3] The data was
used to construct a mission power profile for the Twin Otter, while for the X-57 we use the representative power profile
available through NASA. (thus the corresponding parameters in the table are only a reference).

Table 3 Baseline aircraft and mission specifications [[17, 18]

Twin Otter X-57 Maxwell
Number of passengers Npax 19 3
Payload Mpay 1842kg (39791b) -
Mission range R 100 nmi (185km) 100 nmi (185 km)
Cruise speed Veruise 94 m/s 77m/s
Takeoff mass Minit 5670kg 1400kg
Cruise lift-to-drag ratio  (L/D)cruise 12 -
Cruise altitude Reruise 10000 ft (3050m) 8000 ft (2440 m)
Max rate of climb hmax 490 m/min -
Climb gradient dh/dR 107 m/km -

1. Twin Otter Climb-Cruise-Approach Mission

For this mission profile, it is assumed that the Twin Otter climbs at constant power to reach its cruise altitude at the
maximum climb rate and climb gradient. For approach, the descent rate is set to be half the magnitude of climb rate,
while the descent gradient is fixed at the allowed maximum of 3° for an instrument landing system (ILS) approach. The
remaining distance to be covered during the mission is assumed to be at cruise. What follows presents the method for
determining the actual power profile.

The aircraft is assumed to climb continuously at constant power to reach its cruising altitude from sea level. Since
the acceleration is assumed to be zero, the equations of motion for the aircraft are [[19]

Tetimb — Delimb — W sin (7) (55)
Letimp — W cos (y) 0, (56)

where Tlimb, Dclimb, Lelimb, and W are the four forces — thrust, drag, lift, and weight — on the aircraft during climb, and
v = arctan (di/dR) is the climb angle set by the height-to-range climb gradient d//dR. For all-electric aircraft, no fuel
is burned and the weight is constant throughout the mission. Drag can be expressed as a function of lift using a reduced
lift-to-drag ratio, in this case assumed to be 2/3 of the cruise L/D,

L L W cos
Detimp = climb . climb = 5 (y) ) (57)
(L/D)Climb §(L/D)cruise §(L/D)cruise
The climb speed can be estimated using the climb rate / and the climb angle as
Vtimb = h/sin (y) . (58)
Then, the power required to climb is
Petimb = Tctimb Velimb - (59)

The time it takes to climb up to cruise level is determined by the cruise altitude and the rate of climb, while the energy
consumed during climb is then the product of the climb power and climb time.
For cruise, lift balances weight and thrust balances drag, and thus thrust can be calculated as

Lcruise w
Tervise = Deruise = = '
cruise T (L/D)eruise (L) D)eruise

(60)
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The cruise power and energy usage are then set by the cruise speed, Veyise, and cruise time duration #.pyse, namely

Pcruise = Tcruise Vcruise (61)
Ecruise = Pcruise Teruise - (62)

Note that the cruising time is equal to the cruise range divided by cruise speed, both of which are mission parameters.

The approach segment is similar to the climb, except that the weight contribution in the thrust/drag/weight balance
Equation (55)) has the same sign as thrust since the angle 7 is negative indicating a decent. We set the approach angle to
v = —3° per the standard ILS approach. The thrust and power requirement for descent is then of course lower than for
climbing. In addition, we use the cruise lift-to-drag value for descent, such that

D Lapproach Lapproach W cos(y)
h = = = .
Apprse (L/D)appl'oach (L/D)cruise (L/D)cruise

Figure [ shows the altitude and power profile for our representative climb-cruise-approach mission. These power
values are used to simulate and size the propulsion system components for the commuter aircraft mission. The power
needed for climb is over double that for cruise, whereas approach requires very little power.

(63)

2. NASA X-57 Maxwell Mission

Figure 0] gives the power profile of an X-57 Maxwell mission, including the takeoff, climb/cruise, and approach. The
Maxwell flies a shorter mission than the Twin Otter, so its climb and cruise are modeled as one segment. This amounts
to a continuous climb before descent. Takeoff is the highest-power segment and contributing to a large proportion of
the mission time compared to the Twin Otter. For simplicity, the segments in the mission with zero power are not
represented here, and taxing before takeoff and after landing is also omitted.
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Fig. 8 Twin-Otter climb-cruise-approach mission: (left) altitude and (right) power profile.
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IV. Results

The all-electric propulsion powertrains constructed using the low-fidelity and higher-fidelity component models from
Section[[l] are simulated using the Twin Otter mission power profile from the previous subsection. The mass of the
battery and the energy required are calculated using the two approaches of different fidelity and compared. Components
are modeled with the Expected 2035 technology parameters from Section The efficiencies of each component at
different flight segments is also analyzed for the Twin Otter and the X-57 Maxwell mission profiles. Voltage and current
trends in the electrical system are considered. Finally, the effect of distributed propulsion (DP) on the efficiency as well
as the mass of the propulsion powertrain is examined — though this does not include the sizing of the propulsor fans, so
does not account for some of the weight saving benefits that DP could provide.

A. Comparison of Low- and Higher-Fidelity Models

Figure [I0]shows the mass of the battery and the energy required for each flight segment, as well as the entire mission,
for the Twin Otter. Note that in both low- and higher-fidelity models the battery is assumed to only operate between 10%
and 80% charge level, as explained in Section [[I.B.1]

The biggest difference between the results predicted by the two fidelity levels is in the climb segment, for which the
high-fidelity approach predicts 36% more energy usage. With the low-fidelity model, climb amounts to 40% of the
total mission energy, while climb consumes 50% of the mission energy when using the higher-fidelity models. The
energy consumed during approach is almost unaffected by the fidelity of the model due to the low-power level (and
hence close-to-optimal battery operation). Because the higher-fidelity model predicts a larger battery, its cruise power
draw is at a higher efficiency than that for a smaller battery, and the higher-fidelity model results in a 16% lower cruise
energy consumption than the low-fidelity one. In terms of the overall mission, he higher-fidelity approach results in
roughly 7% higher energy consumption than the low-fidelity model value.

This discrepancy between model fidelity levels is the result of the difference in battery discharge operation modeling,
and its effects on predicted energy usage and battery mass. The motor and converter masses for each fidelity level are
within 1% of each other, with the higher-fidelity model predicting slightly larger masses. However, the low-fidelity
model does not capture the high-power battery discharge dynamics, while the higher-fidelity model does account for
the loss in battery efficiency for high-power demands and hence predicts the need for a larger battery as a result. This
distinction reveals the importance of accounting for the effect of power level on energy consumption at the battery level
(basically the Ragone relation), and its impact on mission energy efficiency.

Another way to understand this, is that because of the dynamics of battery discharge, it is more constraining to
require a very high power level during a short time, than it is to require a lower power level but for a longer time. As a
result, the battery ends up being sized mostly to meet the demands of the climb segment.
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Fig. 10 Battery mass and energy differences for the low- and higher-fidelity models for the Twin Otter mission.
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B. Component Efficiencies

Figure [IT] shows the efficiency of the motors and the converters across the different flight segments. Both components
are sized for the maximum power load they have to deal with, which occurs during climb for the Twin Otter mission and
during takeoff for the Maxwell. The graphs show that the motor operates most efficiently at its design point (max power)
in both cases. The efficiency drops in off-design cases such as approach, where the same motors sized for substantially
higher power are running at lower power.

The motor losses account for these changes in efficiency. Core losses scale with motor weight, and since running
the motor at lower power does not change its weight, the core losses stay relatively constant in absolute terms, but in
relative terms the lost power is proportionally higher for low power-output operation. Winding (copper) losses scale
with motor power: copper losses are lower at low power, but not low enough to offset the higher proportion of core
losses. The overall effect is a drop in motor efficiency at lower powers. It should be noted that the motor efficiency never
drops below 80% in both cases, meaning that an electric powertrain may well have an overall efficiency advantage over
conventional system even if running at sub-optimal electrical component efficiencies.

The efficiency also drops more substantially for the Twin Otter mission than for the X-57 Maxwell. The Twin Otter is
a bigger commuter aircraft and has two propulsors, while the smaller Maxwell has 14 distributed propulsors and a smaller
payload. These differences affect the motor efficiency in two ways. First, the smaller Maxwell has a lower peak power
demand than the Twin Otter. Second, the already smaller power demand is spread over 14 converter-motor-propulsor
arrays. Therefore, the Maxwell’s motors are substantially smaller than those on the Twin Otter.

The converter efficiency, on the other hand, behaves opposite to the motor efficiency. The switching losses are
assumed to be constant, since the diodes and the transistor switches have the same on-resistance and voltage drop over a
wide range of voltages [13]]. These make up a smaller portion of the converter losses, and even more so at high
power, where the copper losses dominate. As a result, at high power, the converter efficiency drops due to higher copper
losses, but improves at lower power.

C. Current and Voltage Considerations

All of the analyses in the previous subsections were run assuming a maximum current limit of Ii,,x =25 A while letting
voltage float. If we also impose a voltage limit of Vi,x = 540 Vdc = £270 V to match the voltage level in today’s Boeing
787 today [13]], then the components cannot be sized for the power levels of a Twin Otter mission.

Without a maximum voltage constraint, the maximum system voltage reaches about 50kV for the Twin Otter. This
voltage is about two orders of magnitude larger than the limit imposed by Paschen’s law (327 V above which electric
arcing occurs between two closely spaced conductors), and comparable to voltages in ground-based power transmission
lines. While there exist semiconductor components (transistors and diodes in the converter) capable of having breakdown
voltages higher than this, the rest of the system needs to be able to handle the voltage as well. This necessitates the
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Fig. 11 Efficiency of motor and converter over the flight segments of the two missions considered: (left) Twin
Otter and (right) X-57 Maxwell.
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Fig. 12 Effects of changing current limit for Twin-Otter mission.

development of high-voltage distribution systems and a rethinking of the powertrain components. Specifically, the space
between the windings in the stator inside the motor needs to increase, among other protective and operational changes.

Alternatively, or in addition, the current limit can be raised to bring system voltages down, since what needs to
be met is a power (voltage times current) requirement. Figure[I2]shows the effects of increasing the current limit for
the Twin Otter mission profile. The mass of the propulsion system decreases first, but then starts to increase sharply
beyond a maximum current of about 50 A. This is because the motor + converter efficiency first increases due to the
copper losses (proportional to the square of current) still being smaller than the core losses for the motor and switching
losses for the converter. When the current increases further however, the copper losses start to dominate, bringing the
efficiency down and requiring a larger battery to compensate for the increased losses, which results in a less efficient and
heavier propulsion powertrain. The maximum system voltage does drop to about 10kV for I,,x = 100 A, but this value
is still more than an order of magnitude larger than the Paschen’s law limit.

Note that we could not find B-H curves (needed to get magnetic field intensity values from magnetic flux density for
the motor model) that go up to the high B-values associated with currents larger than I;,,x = 150 A, and we therefore did
not try currents above this limit.

The conclusion of these current-versus-voltage trade-off considerations is that high-voltage, high-current distribution
systems and propulsion components need to be developed in order to enable the use of an all-electric powertrain even
for commuter aircraft.

D. Distributed Propulsion (DP)

Distributed propulsion has the potential to decrease propulsion system mass due to the cube-squared relationship
between thrust (which scales with propulsor area, and hence length squared) and propulsion weight (which scales with
volume, and hence length cubed). Most of the weight changes would be in the fans and nacelles, which we do not model
here, but we can look at the effect of distribution on the powertrain mass and efficiency, as well as on maximum voltage.

Figure[I3|shows the effect of increasing the number of propulsors on the propulsion powertrain. As the number of
propulsors goes up from 2 to 20, the mass of the powertrain increases slightly, while the maximum system voltage
considerably drops from around 50kV to 5kV — though still an order of magnitude higher than the Paschen’s law
limit. Overall, distributed propulsion shows the same effects as that of raising the current limit in the previous section:
advantage up to a point, then efficiencies start to drop and masses to increase as copper losses become dominant.

A definite advantage of distribution is the reduction by an order of magnitude of the system voltage. In conjunction
with higher currents, the system volume may be lowered further, reducing the need for high-voltage, high-current
distribution systems and components.

While the results shown here do not readily encourage the use of distribution in the propulsive powertrain, this
analysis only presents the worst aspects of distribution, namely the motor and converter efficiency drops. The drop in
powertrain efficiency with distribution is nevertheless small, and the resulting powertrain mass gain is thus unlikely to
offset the mass reductions that the cube-squared weight-power scaling of the propulsors predict with DP.
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E. Limitations and Future Work

The higher-fidelity models and the integrated system presented in this work have a number of limitations. The first
involves drawing the control volume boundary at the end of the powertrain, instead of incorporating the propulsors and
modeling the entire propulsion system. Neglecting the propulsor mass fails to capture the weight saving benefits of
distributed propulsion, and does not provide a complete estimate of the overall propulsion system mass. The propulsion
system also needs to account for thermal management, to deal with the energy lost as heat due to the inefficiencies of the
motor and converter. For specific aircraft configurations, the wiring system (mass and losses) also need to modeled.
Future work will incorporate a propulsor model, as well as develop thermal management and wiring models.

In addition, the inability of the motor model to size motors for currents higher than 150 A means the system voltages
are much higher than what Paschen’s law allows. This suggests that the power distribution system is important—
protective measures to develop flight-safe high-voltage, high-current systems and components need to be considered.
Alternatively, or in addition, the motor sizing technique needs to be modified to handle higher current levels, possibly
moving towards the use of lamination materials with different magnetic characteristics.

While this work captures operational behavior of the powertrain components, it still sizes their masses based on
specific energy and specific power. A mass buildup and/or a volume buildup would provide a more accurate picture.
Parts for the mass buildup of the motor already exist in terms of calculating the core losses. Future work will extend this
to the whole machine.

Finally, this work only considers the propulsion powertrain, which fails to capture benefits associated with
electrification. The aircraft as a whole needs to be looked at, which means modeling enabling and beneficial aspects like
distributed propulsion as mentioned, and boundary layer ingestion (BLI) at system level. Due to the much low battery
specific energy (BSE) compared to that of fuel, hybrid-electric and turbo-electric architectures are likely to be better
than all-electric systems for larger sizes and longer missions [2,[3]. Therefore, future work will extend the powertrain to
handle hybrid- and turbo-electric architectures as well, with the goal of eventually integrating the power systems into a
full aircraft modeling framework.

V. Summary and Conclusions

This paper presents models for the three major components of an all-electric propulsion system (motor, converter,
battery), as well as a method to integrate the components into a powertrain. The models capture operational behavior
under variable power loads as required to represent the different flight segments, without diving into minute details
about component materials and battery chemistry. The powertrain is designed so that alternative or updated models of
its components can be substituted as necessary, making it a modular framework to model all-electric propulsion.
Results show that the higher-fidelity model consistently predicts higher energy requirements than low-fidelity
modeling approaches, resulting in a larger battery and heavier powertrain. In particular, the high climb power requires
the battery to be sized based on power given the reduction in battery efficiency with power level, leading to a higher
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energy usage during climb than during the significantly longer cruise segment for a commuter aircraft.

The efficiencies of the motor and the converter change when run at power levels different from those they were

designed for. For lower-power operations, the motor efficiency goes down due to the relatively constant core losses
forming a higher proportion of the total power lost. The converter efficiency goes up at lower power due to the lower
copper losses, which are more important than the constant switching losses. Distributed propulsion helps increase the
efficiency of the system at lower power, where the motor efficiency goes up without sacrificing a lot in converter efficiency.
The high voltages and currents that result from this analysis call for a rethinking of the power distribution system to
handle high voltages and high currents beyond those available today in order to enable power system electrification.
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