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Electric vertical takeoff and landing (eVTOL) aircraft have gained widespread attention in urban air mobility
services recently. In the design of eVTOL aircraft, the powertrain system significantly impacts its performance and
cost. This paper systematically describes a conceptual design and optimization methodology for eVTOL aircraft
from the powertrain perspective, emphasizing its influence on overall aircraft performance and cost. The
powertrain modeling methodology is achieved by considering a set of converter topologies and cutting-edge
component technology, including wide-bandgap semiconductor devices, high-power-density passive components,
and thermal management. Apart from that, a hybrid optimization algorithm is used in this paper to facilitate a
rapid global search. Los Angeles has been selected as the example city for this study. A case study with a 30 km
cruise mission range is conducted, analyzing the variation of each design variable within the optimization process.
Moreover, a comparative study is implemented to illustrate the effects of the powertrain system on the eVTOL
aircraft. Finally, a sensitivity analysis of the cruise mission range is presented. This paper addresses the gap in
current eVTOL design methodologies from the powertrain perspective, further reducing the mission cost of eVTOL
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aircraft within the revenue mission profile.

Nomenclature
Bnax = maximum flux density, T
Cyr = depreciation cost of the airframe, $
Chatt = depreciation cost of the battery, $
Ceap = capital expense, $
Cjec = electricity fee, $
Crnain = maintenance cost, $
Chus = maintenance man-hours per flight hour
Coss = output capacitance of MOSFET, F
C, = rotor power coefficient
Cpilot pilot cost, $
Cr = rotor thrust coefficient
E, = total battery energy, kWh
Ey = required battery energy per mission, kWh

fsw = switching frequency, kHz

I nax = maximum current, A

y - = RMS current, A

k; = Steinmetz parameters

K = slotting factor

L = inductance, H

Myt = battery mass, kg

Ming = inductor mass, kg

m, = motor mass, kg

N = number of motors

N, = number of battery charging cycles per day
N, = number of mission tasks per day
Pond = conduction losses, W
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Peore = inductor core losses, W

P; = output power of each mission segments, W
P, = total losses of converter, W

Ppy = proximity losses in the winding, W

P = skin effect losses in the winding, W

P, = switching losses, W

Pyinging = inductor winding losses, W

Ris.on = turn-on resistance, Q

Rihns = heatsink thermal resistance, Q

T = thrust generated by one rotor, N

tr = flight hours per year, h
= duration time of each mission segments, s

t = flight time per mission, min

toft = falling time of MOSFET, ns

fon = rising time of MOSFET, ns

Ve = DC bus voltage, V

Vs = drain-source voltage of MOSFET, V
V, = the rotor tip speed, m/s

w = gross weight of aircraft, N

W, = salary per hour for mechanics, $

w, = salary per hour for pilots, $

a = Steinmetz parameters

s = Steinmetz parameters

AB = peak-to-peak magnetic flux density, T

I. Introduction

ITH the advancement of urbanization and increase in pop-
ulation density, traffic congestion and carbon emissions have
become problematic. This has led to increased investment in urban
air mobility (UAM), which utilizes airspace for transportation to
bypass congested streets. UAM can be categorized based on appli-
cation into various cases, including intracity (up to 50 km), megacity
(up to 100 km), and intercity (above 100 km) [1,2]. In UAM
services, electric vertical takeoff and landing (eVTOL) aircraft offer
several advantages over conventional aircraft, such as environmental
benefits, noise reduction, lower maintenance costs, and time savings
during commutes [3]. These significant benefits have spurred exten-
sive research into eVTOL aircraft.
Table 1 lists the previous work and their limitations. Numerous
studies have examined the preliminary design and optimization of
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Table 1  Existing research review

Reference Objective Limitations

[4] Minimize eVTOL cost per trip Constant powertrain efficiency

[3] Minimize eVTOL operating cost Constant powertrain efficiency and mass

[6] Maximize range No powertrain model

[7] Minimize required battery energy No powertrain model

[8] Minimize eVTOL gross mass No powertrain model

[9,10] Maximize inverter efficiency and power density Ignore the effect of powertrain on eVTOL aircraft

Proposed model

Minimize eVTOL cost per mission

eVTOL aircraft with diverse objectives [4-8]. These papers empha-
size the multidisciplinary system-level design and optimization of
eVTOL aircraft, taking into account factors such as aerodynamics,
battery, motor, acoustics, and structural integrity. However, these
studies often assess the performance of eVTOL aircraft by employ-
ing simplified powertrain models or without incorporating a power-
train system model in their optimization processes. This approach
significantly diminishes the practical value of their results for both
industry and researchers. Some studies, such as [9,10], optimize the
powertrain system based on multiple performance criteria, including
efficiency, power density, and costs. However, these studies focus
solely on optimizing the powertrain itself, neglecting the impact of
the powertrain system on the overall eVTOL aircraft. In powertrain
optimization, it is insufficient to concentrate on the efficiency and
power density of the powertrain. Since the powertrain mass con-
stitutes only a small percentage of the total aircraft mass, it is more
beneficial to consider its influence on other components of the
eVTOL aircraft, such as the reliability, cost, and energy distribution
on each mission segment.

This research examines the design of eVTOL aircraft from a
designer perspective. The goals are to determine whether eVTOL
aircraft is technically feasible, to analyze the performance of
eVTOL aircraft, and to evaluate whether design remains economi-
cally viable. This paper aims to minimize the cost per mission of
eVTOL aircraft by developing an in-depth powertrain model, mis-
sion model, and cost model. By optimizing costs, manufacturers can
ensure that the aircraft is affordable to produce and operate, making
it more attractive to potential buyers and investors. Furthermore, this
paper conducts a comparison between the optimization results and a
reference model that lacks a powertrain component. The purpose is
to evaluate the influence of powertrain modeling on the performance
of eVTOL aircraft.

This paper is organized as follows: Sec. II presents a design
methodology for the powertrain model. Section III presents the

detailed description of the optimization routine, mass model, and
mission profile model. The model validation, comparison, and
parameter sensitivity analysis are given in Sec. IV. Finally, conclu-
sions are presented in Sec. V.

II. Powertrain Modeling Methodology

This section describes the design and modeling methodology for
converter topologies, semiconductor devices, inductors, capacitors,
and cooling systems. Figure 1 illustrates the schematic of the
powertrain system analyzed in this study. The powertrain system
follows the architecture used in all-electric aircraft (AEA) [11]. The
battery pack connects to the inverter, which then connects to the
motor. It should be noted that the motor is not included in this
powertrain architecture due to its complex modeling methodology.

A. Power Converter Topology Selection

Based on the configurations, sizes, and power demands of
eVTOL aircraft, choosing different converter topologies and power-
train architecture is extremely important. Figure 2 depicts the main
schematic of the studied topologies.

Three inverter topologies are evaluated in this paper: two-level
(2L) inverter, three-level active neutral point clamping (3L-ANPC)
inverter, and three-level T-type (3L-T) inverter, presented in Figs. 2a,
2b, and 2c, respectively. All inverter topologies are operated using
sinusoidal pulse width modulation (SPWM).

The selection of semiconductor devices plays a significant role in
the performance of the powertrain. In this paper, only wide-bandgap
(WBG) devices are studied due to their high efficiency, high voltage
rating, and high operating frequency. Different converter technolo-
gies, voltage ratings, and the number of parallel devices are con-
sidered and optimized in this study. Table 2 lists all the power
devices considered in this paper, along with their parameters. It is
important to note that all devices are assumed to operate under
constant temperature conditions. The conduction losses and switch-
ing losses can be expressed as
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Fig. 2 Main considered converter topologies: a) two-level inverter, b) three-level ANPC inverter, and c) three-level T-type inverter.
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Table 2 Semiconductor devices used in this study

Part no. Manufacturer ~ Tech. Vg nax Ro, 1, R, Coss ton toft

G3R12MT12K GeneSiC SiC 12kV  12mQ 157 A 026°C/W  284pF 34ns 22ns
BSM180D12P2C101 Rohm SiC 12kV  11mQ 204 A 0.11°C/W 1500pF 80ns 80ns
TP65HO15G5WS Transphorm GaN 650 V 18 mQ 93 A 0.47°C/W 307 pF 18ns  94ns
GA50JT06-258 GeneSiC SiC 600V  25mQ 100 A 0.26°C/W  284pF 33ns 44ns
IGO60R070D1AUMA1 Infineon GaN 600V 70mQ  31A 1°C/W 72 pF 8 ns 15 ns

falling times, respectively. These four parameters are extracted from
the datasheet. V is the drain-source voltage, f, is the switching
frequency, and I, is the rms current through the device.

B. Inductor

The design of an inductor consists of two main components:
magnetic component design and winding design. In the magnetic
component design, various core shapes and magnetic materials are
compared and optimized in this study. Theoretically, the high power
density of an inductor is primarily determined by the ratio of
saturation flux density to mass density. Consequently, amorphous
materials exhibit the highest power density compared to other
materials [12]. However, in high-frequency applications, amorphous
cores have relatively higher core losses compared to other materials
due to their high saturation flux density [13,14]. Therefore, different
core materials are compared and selected based on the specific
converter topologies and operating conditions.

The magnetic equivalent circuit (MEC) and nonlinear iteration
method are utilized to calculate the magnetic flux density in differ-
ent regions [15]. The improved generalized Steinmetz equation
(iGSE) [16] is then applied to calculate the core losses Pegp:

1 T
Pcorezfl; ki

where a, #, and k; are Steinmetz parameters [17,18]; AB represents
the peak-to-peak magnetic flux density in each region.

The design of the winding depends on factors such as current
density, core shape, and saturation flux density. A constant current
density is assumed to further determine the winding diameters. To
avoid the saturation effect, the number of turns N can be calculated
using Eq. (4). The winding constraint equation is given by Eq. (5),
which states that the total copper area must be less than the slot area
Wor- A constant slotting factor K of 0.7 is assumed.

B|2
%‘ (AB)P—* dt 3)

ImaxL
BmaxAC

N =

“

2NAw < KsWslot (5)

where I, is the maximum current, L is the inductance, B,,, is the
saturation flux density, and A, is the cross-sectional area.

Litz wire is the only type considered in this study, due to its lower
winding losses compared to other types of winding. The analytical
model for winding losses, which takes into account the skin effect
and proximity [19], is shown in Eqs. (6) and (7).

I, \2
P = nRy:Fi(f) (;L) ©)

Py = nRy Gg(f)(H?) )

where n is the number of strands; R, is the winding DC resistance;
Fr(f) is a factor that describes the increase of DC resistance due to

skin effect; and H, is the peak of the external magnetic field.

C. Capacitor

Ceramic and film capacitors are considered in this paper due to
their high power density and light weight. The method for estimat-
ing the mass of capacitors is detailed in Eq. (8):

Mgy = KVECPV, 8)

where k, @, and f are parameters related to different types of
capacitors and can be found in [20]. The capacitance C, voltage
rating V., and volume of the capacitor V, can be extracted from the
datasheet.

D. Heatsink

Both air-forced cooling [21] and single-phase liquid cooling
systems [22] are considered in this study. The optimizer evaluates
each cooling method during the optimization process to determine
which one results in the minimum heatsink mass while satisfying
the thermal constraints. The thermal resistance of the heatsink is
calculated using the thermal equivalent circuit method, while the
thermal resistance of each semiconductor is extracted from its data-
sheet. The heatsink geometry and fan characteristics are taken into
account in the cooling system models. The maximum allowed
heatsink thermal resistance is calculated using Eq. (9):

Tw — T,
Rinps = hsTlamb &)

where T}, is the maximum allowed heatsink plate temperature,
restricted to 105°C; T, is the maximum ambient temperature,
limited to 35°C; and P; is the total power loss of the converter. The
mass of the heatsink is calculated based on its geometry.

III. Single Objective Optimization
A. Optimization Routine

The optimization tool developed in this study targets the cost per
mission of eVTOL aircraft as the objective, considering all relevant
degrees of freedom (DOF) in the powertrain system and mission
profile. The optimization process employs a hybrid algorithm that
integrates the genetic algorithm with the simulated annealing algo-
rithm (GASA). GASA maintains the rapid global search capability
of GA and the local space exploration capability of SA, thereby
preventing the optimization trapped in multilocal optimum solu-
tions. The lift 4 cruise aircraft configuration is analyzed in this
study, as illustrated in Fig. 3. The design variables, along with other
constant inputs, are summarized in Table 3. The bound range of

Fig. 3 NASA Lift + Cruise eVTOL aircraft configuration [23].
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Table 3  Design variables and constant inputs

Model Design variable

Variable range Constant parameters

Powertrain model Switching frequency, fy
DC bus voltage, V4.
Rated output power, P,
Winding diameter, d;
Inductor geometry variables
Heatsink geometry variables
Ripple attenuation factor, RAF

Inverter converter topologies, T';

Mass model Battery mass, mpy

Mission model Maximum range, R ..

[10 kHz, 200 kHz]
[800 V, 1400 V]
[5 kW, 200 kW]

[1.4 mm, 4.6 mm]

Motor electric frequency
Considered semiconductors
Core material property
Capacitor Pk-Pk voltage ripple

[0, 1]
[1,3]
[200 kg, 800 kg]
[30 km, 100 km]

Listed in Table 4
Listed in Table 4

converter topologies is defined by the number of converters
included in this optimization. The objective function can be written
as (10)

Minimize Cost,, = f(x)
Subjectto  p;(x) <0,i=1,...,n, (10)

mi(x) =0,i=1,...,n,

where f(x) is the objective function, subject to n,, inequality con-
straints p;(x) and n,, equality constraints m;(x). The detailed
optimization routine is illustrated in Fig. 4.

B. Mass Model

The mass model of the eVTOL aircraft is divided into four
components: powertrain mass, battery mass, airframe mass, and
motor mass. Motor mass is assumed to be constant in this study.
The airframe mass is estimated using a constant ratio of the air-
frame mass to the overall mass of the aircraft. The mass of the
powertrain model is the sum of all subcomponent mass, as
described in Sec. II. The battery mass is considered as a design
variable in this optimization problem. The input parameters are
listed in Table 4.

[ Vao fwr |

Table 4 Input parameters of mission model and mass model

Model Parameter Value
Mission model Cruise mission range 30 km
Pilot mass 75 kg
Passengers 3
Mass per passenger 90 kg
Reserve time 20 min
Boarding time 15 min
Hover time in sizing mission 2 min
Hover time in revenue mission 0.5 min
Cruise speed 124 km/h
Lift to drag ratio 10
Motor efficiency 95%
Propeller efficiency 85%
Mass model Ratio of airframe mass to gross mass 0.53
Motor mass 25 kg
Number of motors 8
Battery energy density 400 Wh/kg

C. Mission Model

The mission model considers the sizing mission profile and the
revenue mission profile. The sizing mission profile mainly empha-
sizes the preliminary design of eVTOL aircraft, the completion of
mission tasks, and the estimation of the maximum mile range of
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Fig. 5 a) Sizing mission profile. b) Revenue mission profile.

eVTOL aircraft. The revenue mission profile is aimed at assessing
the market revenue potential of future business services and estimat-
ing the cost of eVTOL aircraft within a given business model.

A diagram of both mission profiles is shown in Fig. 5. The sizing
mission profile includes the cruise, hover, and reserve mission seg-
ments. The reserve segment is typically utilized as additional battery
capacity or flight time for safety reasons, handling the emergency
situation during the flight. A 20 min reserve time is included in the
mission model, following the requirement of visual flight rules
(VFR) by the FAA [24]. Moreover, the reserve speed needs to be
adjusted due to the loiter requirement from the FAA. The adjustment
method could be found in [4]. It should be noted that while the
current analysis focuses on the primary mission segments of hover,
cruise, and reserve, the optimization framework is inherently flex-
ible and capable of incorporating additional phases such as climb
and descent. However, for clarity and simplicity, the climb and
descent phases are not included in the following analysis, while
noting that the approach can be extended to accommodate them as
needed.

The revenue mission profile includes cruise, hover, and boarding
mission segments. The boarding segment allows for activities such
as passenger loading, unloading, and safety checks, among others.
Concurrently, the battery is charged during this time. Constant
boarding is assumed in the revenue mission model. The input
parameters of the mission model are presented in Table 4.

In order to analyze the performance of the powertrain throughout
the entire mission profile, the power demand for each mission must
be calculated. To maintain the hover state, the rotors have to produce
enough thrust equal to aircraft weight during the hover segment, as
described in (11). The power of propellers in the hover segment can
be calculated using Eq. (12) based on momentum theory.

NT-W=0 (11)
,_Cr
Pl= Vit (12)

where T is the thrust generated by the single rotor, N is the number
of rotors, W is the gross weight of aircraft, Cy and Cp are the thrust
coefficient and rotor power coefficient, and V/, is the rotor tip speed.

In the cruise and reserve mission segments, the required output
power of the inverter can be calculated using Eq. (13). Due to the
loiter adjustment in the reserve segment, the L/D ratio of the
reserve needs to be adjusted accordingly [4].

,. WV,

Pi=——_' = cruise, reserve (13)
v (L/D)inmnp

where P! represents the required output power of the inverter, W is
the gross weight of the eVTOL aircraft, L/D is the aircraft’s lift-to-
drag ratio, 1, denotes the motor efficiency, and #,, is the propeller
efficiency.

Apart from that, the efficiency and power distribution inside the
powertrain system can be further calculated using the powertrain
model and the given constant motor efficiency in Table 4. Sub-
sequently, the used battery energy in each mission segment can be
calculated using Eq. (14).

P:t:
E, =—" (14)
i

where i represents the different mission segments; P; and #;
represent the output power and efficiency of the powertrain, respec-
tively; while #; is the flight time of each mission segment.

An equality constraint is used in the mission model, as shown in
Eq. (15), to ensure appropriate energy distribution throughout the
mission task.

E,~(E, +E, +E)=0 (15)

where E,, represents the total battery energy, £, is the energy used in
the hover segment, E, is the energy used in the cruise segment, and
E, is the energy used in the reserve segment.

Since the battery mass is considered as a design variable, the total
battery energy E,, can be calculated by multiplying the battery mass
by the constant battery energy density provided in Table 4.

D. Direct Operating Cost Model

The direct operating cost (DOC) model in this study is based on
the most recent DOC methods [4,25,26]. These methods were
chosen due to their minimal input requirements and comprehensive
estimation of all relevant DOC elements, including capital expense,
maintenance cost, and flight cost. However, since the DOC models
in [25,26] are designed for conventional or hybrid aircraft, modeling
adjustments are necessary for AEA. Moreover, although [4] devel-
oped a DOC model for eVTOL aircraft, the capital expense in [4]
neglects the residual value of each component and the annual
replacement cost of the battery. In this study, several adaptations
have been made, and the newest input parameters have been updated
accordingly.

The DOC model in this paper is subdivided into three categories:
capital expense, maintenance cost, and flight cost. Table 5 lists all
input parameters used in the DOC model. Based on data from the
FAA [27], the 2018 average hourly wage in the aircraft manufac-
turing industry was $42.11. Considering indirect costs ranging and
additional benefits, the fully burdened wrap rate is estimated to
range between $115 and $153 per hour. In this paper, the average
value is used to represent the pilot’s average wrap rate.

Capital expense includes the depreciation cost of the airframe,
avionics system, and battery. The purchase price and residual value
of each component are considered. The cost equations are presented
in Eqs. (16-18).

Table 5 DOC model input parameters

Parameter Value Source
Airframe purchase price $1102 per kg [4]
Airframe residual value 10% [28]
Avionics purchase price $100,000 [4]
Avionics residual value 10% [28]
Battery purchase price $200 per kWh [29]
Battery residual value 40% [30]
Battery cycle life 1000 cycles [31]
Price of electricity $0.16 [32]
Maintenance/flight hour 60% [33]
Mechanic wrap rate $62 per hour [34]
Pilot wrap rate $134 per hour [27]
Pilots per aircraft 1 ——
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C. = Airframe price — Residual
af == Years x M;

(16)

Avionics price — Residual

Cy = 17
aV Years X M; (7

RS Y Battery price — Residual
M; Cycle life

Coae = X cycle; (18)

i=1

where M; is the number of mission times per year and N; is the
number of the replaced battery per year.

The calculation of N; is based on Egs. (19-21). It is assumed that
the yearly flight hours are evenly distributed throughout the days.

N, =L x— I
"= 36571, a9
N
= 20)
Eb/Erq
365 on

N =— >>
' cyclelife/N,

where N, is the number of mission tasks per day; ¢, is the flight
time per mission; 7, is the flight hours per year; E; is the total
battery energy of the aircraft; E,, is the required battery energy per
mission; and N, is the number of battery charging cycles per day.

The airframe purchase price is based on the investigation in [4],
and a 10% residual value for the airframe and avionics is assumed
in this paper [28]. The eVTOL aircraft is assumed to operate for
2000 h per year over a span of 5 years before retirement, leading to a
10,000 h service time. For comparison, the business aircraft are
typically operated around 500-2000 h per year [35]. According to
[29,30], the price of a new EV battery is around $150-$200 per kWh,
and the estimated price of second-life batteries is expected to be
30%-70% of the new battery price in 2025. As a compromise, an
estimated $200 per kWh and a 40% battery residual value are used
in this study. The battery cycle life is defined as the number of cycles
until the state of health (SOH) of the battery reaches 70%—80% of its
nominal value. The current state-of-the-art life cycles can be up to
1000 [31], which is the assumption used in this paper.

The maintenance cost is calculated using Eq. (22). A 0.25-1
maintenance man-hours per flight hour is normally utilized in light
aircraft [33]; $53-67 per hour is typical for general aviation mechan-
ics [33].

1
Cmain = ﬁ X Cmf X Wm X tf (22)
i

where C, is a fixed value of maintenance man-hours per flight
hour, depending on the size of aircraft, and W, is the salary per hour
for mechanics.

CHENG ET AL.

The flight cost includes the pilot cost and energy cost. Pilot costs
are calculated using Eq. (23); $70-120 per hour is typical for
business pilots [33]. Electricity cost is calculated using Eq. (24).
The amount of electricity per year can be evaluated by the power-
train model.

1
Cpilot:MXNpXWpth (23)
i
1
Celee = ﬁ X Eqm X Pe (24)

i

where N, is the number of pilots per aircraft; W, is the salary per
hour for pilots; E,, is the amount of electricity per year; and p, is
the price of electricity per kWh.

IV. Results and Discussion
A. Powertrain Model Validation

The powertrain model has been validated through a comparison
with simulation results obtained from the PSIM software. A 60 kW
3L-ANPC inverter was used to validate the powertrain model. The
nonideal thermal switch model was utilized in this simulation.
Figure 6a shows the efficiency comparison between the proposed
powertrain model and the PSIM simulation, and the absolute error is
also presented in this figure. In the 10 kW case, due to the nonlinear
effect on the switching losses, the powertrain model cannot estimate
efficiency accurately. The absolute errors at higher power levels are
similar. This is because the core losses of each inductor are only
considered in the proposed powertrain model. The errors in switch-
ing losses and conduction losses gradually increase with higher
power demand. Figure 6b illustrates the loss breakdown in the
powertrain model, where the switching and conduction losses con-
stitute the majority of the power losses. The inductor core loss is
validated by Ansys Maxwell software. Figure 6¢ shows the com-
parison of core losses under different loads between the analytical
model (AM) and Ansys Maxwell’s simulation. MnZn ferrite N§7
material was used. Its datasheet and parameters are detailed in [17].

B. Optimization Results

In order to provide a more practical value for industry through
this optimization, a real case has been studied in this paper. Los
Angeles City was selected as an example city for the implementa-
tion of UAM service [36]. Air taxi service has already existed in the
city and is mainly operated by companies such as Blade and Orbic
Air. Orbic Air provides the heliport airport transfer services between
Los Angeles International Airport (LAX) and Burbank Airport. The
flight distance between the two airports was around 18.5 mi
(30 km). The flight time is around 10-15 min [37].

In this case, a 30 km distance and a 15 min flight time were
selected for the revenue mission profile in this optimization prob-
lem. Another 15 min is allocated for the boarding segment. The total
mission time for a single trip is approximately 30 min. The input
data for this optimization study is provided in Tables 3 and 4. The
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key results of the cost optimization are demonstrated in Fig. 7,
where the masses of the powertrain, battery, airframe, and payloads
are considered.

Figure 7a shows the optimization results for cost minimization.
The GA algorithm is solely utilized to rapidly explore the design
space for potential optimal solutions in the first 400 generations.
After that, the GA algorithm combined with the SA algorithm is
used to efficiently find the potential global optimal solution due to
the existence of multiple local optimum solutions. The cost per
mission gradually decreases and converges at $183.5 per mission.
Since most of the design variables are close to convergence before
1200 generations, Figs. 7b—7d only illustrate the results of each
component before 1200 generations.

Figure 7b shows the mass breakdown of the eVTOL aircraft in
this optimization problem. Each component’s mass of eVTOL air-
craft is gradually reduced and converged. Figure 7c shows the DOC
breakdown and power distribution along each mission segment.
Since the costs of pilot, maintenance, and avionics are fixed in this
optimization, only the depreciation cost of the airframe and battery
and the cost of electricity are presented, which are gradually reduced
due to the reduction of airframe mass and battery mass. In addition,
the reserve segment has the lowest required power due to the loiter
adjustments discussed in Sec. IILB. The hover segment has the
highest power and lowest efficiency.

Figure 7d demonstrates the variation of design variables during
the optimization process. The 3L-ANPC inverter is selected since it
theoretically has the highest efficiency among all inverter topologies
in high-power and high-voltage applications. The switching fre-
quency and DC bus voltage converge at 111 kHz and 1400 V,
respectively. This would be the optimal selection by the optimizer,
considering the tradeoff between powertrain efficiency and the total
system cost. A higher switching frequency would reduce the mass
of passive components but also increase losses and battery mass,
which further increase the battery cost and cost per mission of the
eVTOL aircraft. The DC bus voltage approaches the upper bound
mainly because conduction losses can be reduced at the same power
level of the powertrain system. The maximum mission range con-
verges at 30 km, indicating that the eVTOL aircraft achieves the
minimum operating cost when the cruise range of the sizing mission
profile matches the range of the revenue mission profile. The battery
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mass converges at 589 kg. The other design variables have con-
verged at certain levels, and none of the constraints are violated in
the final optimization results.

C. Comparison Study

The comparison study is conducted to illustrate the impacts of the
powertrain system on the operating cost of eVTOL aircraft. The
baseline model is based on the optimized results in [4], which uses
the cost per trip as the objective and provides detailed input param-
eters and analysis of results. However, the baseline model does not
include a detailed powertrain model. Instead, it relies on simplified
assumptions for the analysis of eVTOL cost. For example, at each
stage of the powertrain (inverter, motor, and battery), the efficiency
is assumed to be constant and representative of typical values found
in literature or industry standards. Furthermore, the reference model
does not account for detailed interactions or dynamic behavior
between powertrain components. It simply assumes that energy is
delivered through the system with these fixed efficiencies. These
simplifications highlight a key limitation of the reference model. In
this case, this study uses the same input parameters of the lift +
cruise eVTOL aircraft referenced in [4] and focuses on optimizing
the cost per mission of the eVTOL aircraft from a more detailed
powertrain perspective. Finally, a comparison is made between the
cost per mission of the eVTOL aircraft, the capital expense, crew
cost, maintenance cost, and electricity cost. It should be noted that,
since the motor mass and powertrain mass are neglected in [4], these
masses are also ignored in this comparative study.

Figure 8a indicates that battery mass is 8.15% lighter than the
reference battery mass. Figure 8b demonstrates that the depreciation
cost of the airframe is 8.6% less than the reference cost. Addition-
ally, powertrain optimization can achieve a 13% reduction in the
depreciation cost of the battery, a 13% reduction in electricity fees,
and a 6.6% reduction in total DOC, compared to the reference
model. These improvements result from enhanced powertrain effi-
ciency and optimized power distribution in each segment. Theoreti-
cally, this is valid because the overall efficiency of the electric
system is increased through powertrain optimization, leading to a
reduction in the total required battery energy. Apart from that,
trajectory optimization contributes to the reduction of battery mass.
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When the battery mass is reduced due to improved efficiency, the
gross weight of the aircraft decreases accordingly. Consequently, the
range constraints in Eq. (13) are not satisfied with the reduced gross
weight. Equation (13) can therefore be reformulated as Eq. (25).

Pt
L
Rangei = ”sys,i 5

sys.i_LPiti
W DW

(25)

The range constraints are directly related to the output power in
each segment and the gross weight of the aircraft. When the gross
weight is reduced, the optimizer must decrease the output power in
each segment to maintain a constant range, leading to a further
reduction in battery mass. Additionally, the reduction in airframe
mass also contributes to the total mass reduction in the final opti-
mization results due to the fixed airframe mass ratio. Consequently,
capital expenses are reduced because of the decreased airframe mass
and battery mass.

D. Sensitivity Analysis

The sensitivity of the revenue cruise mission range is analyzed by
varying the cruise mission range and optimizing the cost per mission
of the eVTOL aircraft accordingly. The same input parameters and

600 T T T T T —/ 6.5
—A— Proposed model
500 |-|—%— Reference model
[ )
= ® Difference 18
9]
@ 400 |
£ 15.5
L
o 300
o
[a] 15
200
[ ]
100 L i J ] | J ilys
30 35 40 45 50 55 60
a) Cruise Range (km)
300 T T T T T T
A—CpyWpt —2-Cp,, wopt
250 —A—Caprt —E—Cafwopt Y
200 Celec w pt Celec wo pt .

Cost ($/misison)
S @
o o

wn
o
T

o LE== : . . | |
30 35 40 45 50 55 60
c) Cruise Range (km)

Percentage (%)

optimization routine described in Sec. III are utilized in this study.
The main results are presented in Figs. 9 and 10.

Figures 9a and 9b demonstrate the variation of DOC and the gross
mass of eVTOL aircraft with respect to the cruise mission range. A
comparison study between models with and without the powertrain
model is also illustrated. With the increment of the cruise mission
range, the effect of the powertrain on both DOC and the gross mass
of the eVTOL aircraft becomes increasingly significant. Figure 9¢
illustrates the cost breakdown and variations of each cost compo-
nent with the increasing cruise mission range. The comparison study
is also included in this diagram. The cruise range has a more
significant impact on the electricity cost and depreciation cost of
the battery. Moreover, Fig. 9d presents the variations of output
power across different mission segments, with a comparison
between models with and without a powertrain. The optimization
of the required power of the powertrain in each mission segment is
accomplished through the powertrain model.

Figure 10a presents the battery mass variation with respect to the
cruise mission range. As the mission range increases, higher energy
is required, and thus the battery mass must be increased. The
comparative study shows that the powertrain gradually has a more
significant impact on the performance of the aircraft as the mission
range increases. Figure 10b demonstrates the variations in power-
train mass.
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Figures 1la and 11b show the variation of the main design
variables with the increasing cruise range. As the distance increases,
the optimal design undergoes changes, primarily in terms of output
power. Due to the increase in distance, the battery weight and the
aircraft body weight increase, which requires the motor to produce
larger power to deliver the necessary torque. For the powertrain
model, as the voltage has already reached the preset maximum
value, the current gradually increases, necessitating the use of
thicker wires and more effective cooling methods to satisfy the
constraints of heat dissipation and current density. That is why the
winding diameter increases with the increasing cruise range. Fur-
thermore, the conduction losses are increased. To maintain high
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efficiency of the powertrain, the optimizer captures this character-
istic and gradually decreases the switching frequency to compensate
for the increase in conduction losses.

Figure 12 shows that the variation of DOC, gross mass of eVTOL
aircraft, cost of each subcomponent, output power of each mission
segment, and battery and powertrain mass decrease as battery
energy density increases. However, it should be noticed that as
battery and energy density increase, the rate of reductions in DOC
and gross mass decreases. This indicates that the contribution of the
battery to the DOC and gross mass of aircraft is reducing, while
components such as the aircraft airframe, maintenance staff, and
pilot salaries become the dominant contributors to the DOC. This
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implies that pursuing higher battery energy density may not always
be beneficial.

Figure 13 demonstrates that as the battery life cycle increases, it
has a significant impact on the cost of the battery itself but does not
affect other components of the cost. Moreover, the optimal power-
train design remains unchanged despite variations in the battery
life cycle.

Figure 14 illustrates how shifting parameters away from the
optimal design setting impacts the overall cost function. In
Figs. 14a and 14b, the switching frequency is swept from 61 to
151 kHz. The variation in switching frequency significantly
impacts the performance of the powertrain system. As the switch-
ing frequency increases, the system’s switching losses typically
rise, leading to reduced efficiency and an increase in battery mass.
Conversely, higher switching frequencies result in smaller passive
components, reducing the overall mass of the powertrain. This
creates a tradeoff between powertrain mass and battery mass.
Figure 14a shows that as the switching frequency increases from
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61 kHz, the overall DOC decreases, indicating that the impact of
switching frequency on the powertrain dominates the variation,
leading to a reduction in DOC. However, when the switching
frequency exceeds the optimal design point, the influence of
switching frequency on the battery becomes more significant,
leading to an increase in the aircraft’s gross mass and airframe
mass, which further causes the DOC to increase again. Figure 14b
provides a more detailed breakdown of how each cost component
is affected by changes in switching frequency.

Figures 14c and 14d illustrate the impact of DC bus voltage on the
system. When the DC bus voltage decreases, the current increases.
Due to the constraints of maximum current density, the winding
diameter becomes thicker and powertrain mass increases. Further-
more, as the current increases, the system’s conduction losses
increase, leading to reduced efficiency and an increase in battery
mass. As a result, a decrease in DC bus voltage results in a higher
DOC. Figure 14d provides a more detailed breakdown of how each
cost component is affected by changes in DC bus voltage.
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V. Conclusions

This work proposes a conceptual design and optimization meth-
odology for eVTOL aircraft, with a focus on the powertrain aspect.
Unlike most eVTOL aircraft optimizations, which either neglect the
powertrain model or rely on basic equation-based models, this study
introduces a comprehensive powertrain modeling methodology.
Additionally, it performs a comparative study of models with and
without a powertrain, highlighting the critical role of powertrain
considerations in the optimization process for eVTOL aircraft design.

The cost per mission was used as the objective function in this
study. The lift + cruise eVTOL aircraft was optimized under the
selected mission profile. The two most important costs are pilot cost
and battery cost. The keys to minimizing the cost per mission of
eVTOL aircraft are implementing autonomous driving, reducing
battery manufacturing costs, and increasing the battery life cycle.
A case study of a 30 km cruise range in Los Angeles shows that the
cost per mission can be optimized to $165 per mission. Additionally,
a comparison study was conducted in this work. The comparative
analysis reveals that the proposed model is capable of achieving up
to a 6.6% reduction in total DOC through powertrain and trajectory
optimization. Sensitivity to mission range is analyzed, and it is
observed that the impact of the powertrain on the eVTOL aircraft
becomes more profound with an increase in range.

This paper quantitatively evaluates the influence of the power-
train system on eVTOL aircraft across various applications. Addi-
tionally, a comprehensive powertrain modeling methodology is
introduced, aiming to provide guidance for individuals without a
background in power electronics on constructing powertrain models
for interdisciplinary applications.
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