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ABSTRACT

This article proposes an advanced analysis method of the electric propulsion system for UAM vehicles. Three
modules are constructed to consider the electrical characteristics of electric devices. The motor-analysis
module is developed based on the permanent magnet synchronous motor (PMSM)'s control strategies:
maximum torque per ampere (MTPA), field weakening (FW), and maximum torque per voltage (MTPV). The
inverter-analysis module uses the linear loss model for the power semiconductors. Based on the near-linear
discharge model, the battery-analysis module was constructed to consider the voltage drop. In addition, the
eVTOL aircraft sizing is performed in two cases depending on the type of analysis method for the electric
propulsion system. The comparative study based on the sizing results demonstrates the necessity and the
capability of the proposed analysis method for the electric propulsion system.

NOMENCLATURE AND ABBREVIATIONS

Eonoff Turn-on and turn-off energies

fs Switching frequency

G Change in the slope of the discharge curve
due to current

laq d- and g-axis current

Iref Reference current which is the on-state
current after the commutation

I Current space vector

Ism Voltage space vector

K Primary dependency of voltage on the
capacity discharged

Laq d- and g-axis inductance

M Modulation index

MTOW Maximum take-off gross weight

N Number of battery cell

P Power

Pcy Copper loss

Pre Iron loss

P Conduction loss

P Switching loss

Pho-10aq NO-load power

P, Number of pole-pair

Q Total capacity discharged up to the present
instant

R Internal resistance of the battery cell

Ree IGBT'’s differential resistance

Rp Diode’s differential resistance

R Phase resistance

SP Specific power

T Torque

Vo Open circuit (no load) voltage

Vee IGBT’s threshold voltage

Vaq d- and g-axis voltage

Vbc DC link voltage

Ve Diode’s threshold voltage

Vief Reference voltage which is the blocking state

voltage of the IGBT before the commutation

|74 Voltage space vector

Vam Voltage constraint

B Phase angle

n Efficiency

Ao Stator permanent magnet flux linkage
Wy Base speed

We Electrical velocity

1. INTRODUCTION

According to the World eVTOL Aircraft Directory [1],
more than 300 electric vertical take-off and landing
(eVTOL) aircraft for urban air mobility (UAM) have
been developed since the release of the Uber Elevate
white paper in 2016. Approximately 70% of eVTOL
aircraft use a full-electric propulsion system, which
draws energy solely from batteries. A full-electric
propulsion system has shown not only the reduction
of carbon footprints but also enables significant
design freedom for various advantageous
interactions that were not previously considered in the
aircraft design (e.g., distributed propulsion; DP).
Therefore, rotorcraft community has been challenged
to design the electrified rotorcraft.

However, previous studies [2—-9] concerning the
eVOTL aircraft design have been somewhat limited to
reflect the electrical characteristics since the analysis
method for the electric propulsion system has the

Page 1 of 10

Presented at 45th European Rotorcraft Forum, Warsaw, Poland, 17-20 September, 2019
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2019 by author(s).



Paper 89

fidelity of a low standard. de Vries et al. [2-4]
established a sizing method to incorporate various
electric propulsion systems into a single matrix form
by using the electric devices' efficiency coefficient as
a constant. Finger et al. [5-7] modernized the
classical conceptual design method by adding a
hybridization factor to the point-performance and
mission-performance modules. With this factor, the
suggested methodology could cover the various
types of electrified propulsion systems—full-electric
and hybrid-electric propulsion system—nby using the
electric devices' efficiency coefficient as a constant.
Lukaczyk et al. [8] developed a generic conceptual
design tool by integrating multidisciplinary analysis
modules: aerodynamics, structures, stability&control,
propulsion, and etc. The suggested tool implements
the electric propulsion system analysis module using
the motor efficiency map without circuit analysis.
Malpica et al. [9] conducted a study of the handling
gualities of quadrotor designs for UAM application
using the NDARC, which uses a motor-analysis
module focused on the BLDC motor type.

In short, most existing analysis methods for the
electric propulsion system did not consider electric
circuits for electric devices but used specific constant
or datasheets. The efficiency of electric devices
actually changes according to the current and voltage
required to perform the mission, and a voltage drop
also occurs according to the total capacity
discharged. Since these features affect the fidelity of
analysis and the reliability of the design, there is a
need to reflect them in the eVTOL aircraft analysis
and design. In addition, instead of the BLDC type, a
permanent magnet synchronous motor (PMSM)—a
representative AC motor type—should be considered
for the high output of power and efficiency required to
design UAM vehicles.

Thus, this study aimed to suggest an advanced
analysis method of the electric propulsion system for
UAM vehicles that can consider the electric
characteristics of electric devices—motor, inverter,
and battery. First, the motor-analysis module was
developed based on PMSM’s control strategies—
maximum torque per ampere (MTPA), field
weakening (FW), and maximum torque per voltage
(MTPV). The inverter-analysis module was created
using the linear loss model for the power
semiconductors. The battery-analysis module was
constructed to consider the voltage drop, where the
near-linear discharge model was used.

This paper is organized as follows: First, Section Il
describes three modules for the motor-analysis,
inverter-analysis, and battery-analysis. Section Il
outlines the conceptual design methodology with the
proposed analysis method. Section IV discusses a
comparative study between the proposed analysis
method and previous counterpart. Finally, Section VI
provides the summary of this study.
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2. ANALYSIS MODULES FOR THE ELECTRIC
PROPULSION SYSTEM

2.1.Motor Analysis

The mathematical modeling of the PMSM uses an
equivalent circiut model based on the d- and g-
coordinates, as shown in Fig. 1.

weLqly

- 1)
N\

(a) g-axis

(b) d-axis
Figure 1 Equivalent circuit model of the PMSM

To consider the rated power limitation, PMSM’s
armature current I; and terminal voltage V; have
constraints as follows [Eq.(1), (2)]:

QI = /I§+I§ < Iym
@V, = /VdZ+VqZ=ous //13+/12 < Vem

In this study, three control strategies [10] that can
efficiently operate PMSM under these limited
operating conditions are used as bellows:

MTPA control: MTPA control is a concept to
find the current operating point that can
output the maximum torque under the
constant stator current amplitude.

FW control: FW control is a concept to
enable higher motor speeds by reducing the
back-EMF generated by the motor.

MTPV control: MTPV control is a concept to
produce the maximum torque under the
voltage-limit condition, where the current-
limit condition is not considered.

Figure 2 shows the optimal current vector trajectory
based on the three control strategies.

T
MTPA I sV Constant
curve t 7 Te

torque curve
Current limit
circle

Voltage limit
ellipse

Ism Id

Figure 2: The Optimal Current Vector Trajectory
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First, for a given current magnitude, MTPA control
operates the PMSM with an optimal phase angle that
can maximize the eletromagnetic torque T,.

(3) Te =27 [Aolq + (La — Lq)lalg]

Here, optimal current vector can be ontained by
differentiating Eq. (3) with respect to the phase angle.
For the peak torque, the optimal current vector is
calculated as Egs. (4) and (5)

Ao _ Ao m
2(Lg—Lq)

16(Lg—La)" 2
(5) Iqm =+ Iszm - Igm

That is, PMSM can be operated with MTPA control up
to point B where current limit circle and voltage limit
ellipse intersect, and the motor speed at point B is
called base speed wy, [EqQ. (6)].

(4) Igm =

(6) wp = =
J(Ldldm"'ﬂo)z +(Lqlqm)

When the PMSM drives at a higher motor speed than
wy, FW control is applied with the maximum terminal
voltage. Under the critical condition given by the
current-limit circle and voltage-limit ellipse, obtainable
torque decreases from point B to P. In the FW
operation, the current vector is calculated with the
current-limit and voltage-limit, as Egs. (7) and (8)

v
—2Ldlo+\/(ZLdAO)Z—AL(L(Zi—L(Zl)(A% +L(211,2n—(w—‘:))

2(L§-13)

(7) Ign = —

(8) an = Iszm - Ign

The decreased torque is obtained by substituting the
calculated current vector into Eq. (3).

After the current vector reaches point P, the MTPV
control allows the PMSM to produce more torque than
the FW control. That is, PMSM is operated with the
MTPV control for the voltage-limited maximum output
power operation. Since it is difficult to calculate the
direct solution of the minimum speed w,, w, is
obtained as the motor speed at which T,—torque with
the FW control— and T,— torque with the MTPV
control— have the same value. T, can be calculated

using the Eq. (3) and the current vector [Egs. (9)-(11)].

A
9) Igp = —i—AId

(10) I _ \/(Vsm/ﬂ)e )2—(AIde)2
qp —

Lq

where

L L 2 2.y
-a -a -aq_ Zsm
Ldlo+\/<Ldlo) +8<Ld 1) ( we )

4(La—Lq)

* %
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In addition, the efficiency of the motor can be
calculated with the voltage and current obtained by
the three control strategies.

Pe Pe

(12) Nmotor = =

Pe+Ploss  PetPcu+tPre+Pno-load

where copper loss P, is calculated as 3I3ysR and
iron loss Pg, is the sum of the eddy current loss and
hysteresis loss.

To demonstrate the capability of the proposed motor-
analysis method, the example is presented in Fig. 3,
which is obtained using the parameters of the Prius
2004 motor [11]. The maximum efficiency of the Prius
2004 motor appears at the region of 150 Nm torque
and 2500 RPM, and the further away from this range,
the lower the efficiency. That is, the proposed method
can consider the change in the motor’'s efficiency
according to the operating condion.

Torque [Nm]

1000 2000 3000
Speed [RPM]

Figure 3 Example of the Efficiency Map for Prius 2004

2.2.Inverter Analysis

The inverter-analysis uses the linear loss model for
the power semiconductors. This mathematical
modeling considers the two types of power losses:
the switching loss and conduction loss.

The switching loss of the insulated-gate bipolar
transistor (IGBT) and diode is given by Ref. [13],

2,12
Vpe I§+1g

Vref Iref

fs
(13) Pls = _(Eon,l + Eoff,l + Eoff,D)

T

where E,,; and E,g; are the turn-on and turn-off
energies of the IGBT, repectively. E¢p is the turn-off
energy of the diode due to reverse recovery charge
current. V..¢ and I..; are the reference voltage and
current, respectively.

The conduction loss of the insulated-gate bipolar
transistor (IGBT) and diode can be expressed as
follows [14]:
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1 1
(14) Piey = (= +3 M cos § ) Veeo 12+ 12

+ (% + iM cos [)’) Ree(13 +12)

1 1
(15) Picp = (Z — =M cos [)’) Ve |12+ 12

+(3+ = Mcos B) Re(13 +12)

where V., and R, are the IGBT’s threshold voltage
and differential resistance. Vg, and Rg are the diode’s
threshold voltage and differential resistance,
respectively. Modulation index M can be calculated
with the amplitude of the line-to-neutral inverter
output voltage to one-half of the available DC bus
voltage [Eq. (16)].

Vs
Vpc/2

(16) M =

In addition, the efficiency of the inverter can be
calculated considering the switching loss and the
conduction loss as Eq. (17):

(A7) Niny =

Pmotor Pe/NMmotor
Pmot0r+Ploss,inv Pe/”lmotor_G(Pls+Plc,I+Plc,D)

where
(18) Ploss,inv = 6(Pls + Plc,l + Plc,D)

Parameters required to perform the inverter-
anaIySiS_Eon,I! Eoff,[a Eoff,Da Vref ' Iref —can be
obtained from the datasheet".

2.3.Battery Analysis

Battery analysis module is performed using a simple
nearly—linear discharge model, which is a empirical
model fit to a battery discharge curve as shown Fig.
4.

In the discharge model, the cell voltage could be
expressed as follows [15]:

(19) V! = 0.5(V, — KQY)
+0.5y/(Veo — KQ1)? — 4(R.P. + GQ'P,)

where the battery cell power P, is calculated by
dividing the battery pack power P, by the number of

battery cells:
(20) . = —

NparallelXNseries

In addition, to consider the battery’s voltage drop
according to the depth of discharge (DOD), Q should
be updated as Eg. (21) at the next time step.

(21) Q' = IiAt = At

* Data available online at https://www.alldatasheet.com/
[retrieved 10 July 2021].
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Figure 4 Example of the Battery Discharge Model
For the Samsung INR 18650-30Q [15]

3. CONCEPTUAL DESIGN METHODOLOGY
WITH THE PROPOSED ANAYSIS MEHOTD

To consider the characteristics of the electric
propulsion system, three analysis modules—motor
analysis, inverter analysis, and battery analysis—
were added to the conceptual design framework
presented at 45" ERF [16]. In addition, motor-sizing
module is modified to obtain the parameters required
for the motor-analysis module.

The overall flow of the conceptual design
methodology is illustrated in Fig. 5. First, the sizing of
the eVTOL aircraft is conducted to find the maximum
take-off weight (MTOW), specification of the electric
propulsion system required to perform the mission.
The motor sizing is performed to design a rubber
motor based on the maximum continuous torque Ty, a1,
which is obtained by comparing the shaft torque
throughout the mission. Based on the Ty.., the
maximum continuous power B,., —equal to the
product of the T, and RPM,,,,—is obtained from
the regression model. The other specifications
required to perform the motor-analysis are derived
using the regression model and B,.,. In this paper,
the regression model is constructed with the data of
EMRAX motor, which was developed for the aircraft
industry. Then, the mission-analysis module
calculates the total capacity discharged with the four
analysis modules: flight-analysis, motor-analysis,
inverter-analysis, and battery-analysis. Through this
process, the minimum number of battery cells is
estimated to satisfy the design requirements:
maximum voltage required and maximum DOD.
Weight-estimation module calculates the aircraft
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Figure 5 Overall Design Flow Chart
empty weight. Then, the available payload is

calculated by subtracting the sum of empty weight
and battery weight from MTOW. The difference
between the available payload and required payload
is used as the sizing module’s termination condition.
Here, the initial number of battery cell is used to
consider the depth of discharge when calculating the
first iteration.

4. APPLICATION OF PROPOSED METHOD
4.1. Problem Definition

To demonstrate the capability of the proposed
analysis method for the electric propulsion system,
VTOL aircraft sizing was performed for the Wisk Cora,
a representative UAM vehicle concept. Wisk Cora
can be viewed visually using the 3D modeling results
in Figure 6. Its geometric data and design parameters
are detailed in Appendix. For a comparative study
between analysis methods under identical conditions,
eVTOL aircraft sizing is performed for the same
MTOW.
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(Motor 2, Inverter 2)

Figure 6 Three-dimensional modeling of Wisk Cora.

The mission profile used for the eVTOL aircraft sizing
was a simplified Uber Elevate mission profile (Fig. 7).

Altitude [m] 97 km cruise at 177 km/h
(49.2 m/s)
305 —
2.5m/s climb 2.5 m/s descent
1 min loiter

91 2.5 m/s descent
1.94 m/s

landing

2.5 m/s climb

2.5 m/s take-off

30 sec hover

[ | 27 I [
0 8 105 114

Range [km]

Figure 7 Simplified Uber Elevate Mission Profile [17]

4.2.Design Condition

The eVTOL aircraft sizing is performed in two cases
depending on the type of analysis method for the
electric propulsion system. Case 1 is a simple
analysis method mainly used in previous studies [3-7,
16], and case 2 is an advanced analysis method
proposed in this paper. The design conditions used
for each analysis method are as follows:

Case 1: Simple analysis method

- Motor (lift DP [/ propeller): The efficiency
coefficient as a constant, (0.88 / 0.95). The
specific power is 3.65 hp/lb.

- Inverter (lift DP / propeller): the efficiency
coefficient as a constant, (0.98 / 0.98). The
specific power is 7.3 hp/lb.

- Battery: Energy in a box. The specific energy is
0.1825 hph/lb

Case 2: Advanced analysis method

- Motor (lift DP / propeller): Equivalent circuit
analysis with three types of operation
strategies for the PMSM. In addition, the
regression models for the motor’s specification
and no-load power are used based on the
EMRAX motor's database. Iron loss is
assumed as 1.5 % of the mechanical power
[18]. Weight is estimated using the regression
model instead of using the specific power.
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- Inverter (lift DP / propeller): Linear loss model
for the power semiconductors. In this paper,
Infineon model FF600R12ME4B72BOSA1
was used. Weight is estimated using the
specific power, 7.3 hp/lb.

- Battery: Nearly—linear discharge model based
on the SAMSUNG INR18650-30Q. Weight is
calculated with the specific energy, 0.1825
hph/lb

4.3.eVTOL Aircraft Sizing

MTOW was set to 2130 Ib calculated as the sizing
result of case 1, and sizing of case 2 was performed
with the fixed MTOW, 2130 Ib. The sizing results are
summarized in Table 1.

Table 1: Results of the eVTOL Aircraft Sizing

Weight Case 1 Case 2
Empty weight [Ib] 1,790 2,106
Structure group weight [Ib] 638 637
Battery [Ib] 378 393
(Ncell,series' Ncell,parallel) (' / ') (141 / 35)
Electric motor [Ib] 148 373
Inverter [Ib] 75 121
Etc. (Wiring, System,...) [Ib] 551 582
Available payload [Ib] 400 84

In case 2 using the advanced analysis method, the
weight of the electric propulsion system was
predicted to be greater than in case 1 using the simple
analysis method. First, the battery weight was
predicted to be larger from 378 Ib to 393 Ib, which
means that the efficiency of the motor and inverter in
case 2 was lower than in case 1. Figure 8 is a graph
of the efficiency of the motor and inverter for each
mission element, where the bar and line indicate the
efficiency of each electric device and the efficiency of
the electric propulsion system, respectively. First, the
motors' efficiencies of case 2 are approximately 0.95,
except for the descent mission segment. It means
that most of the operation points of the sized motors
are in the optimal region when performing a given
mission. In descending flight, the motor efficiency was
relatively reduced to 0.93 since the torque applied to
the motor was too small (Fig. 9).
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Figure 8 Efficiency of Electric devices for the Mission Profile
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Figure 9 Efficiency Map for the Sized PMSMSs

In addition, the higher the output voltage and current
of the inverter are required, the greater the switching
loss and conduction loss of the inverter occur.
Inverter 1 for the single propeller requires a much
higher output current and voltage than an inverter 2
used in multiple motors for lift DP. Therefore, the
efficiency of inverter 1 has a relatively lower value of
0.86 to 0.91.

The motor efficiency of case 2 was higher than that of
case 1, but the inverter efficiency showed the
opposite result. Considering both of these results, the
efficiency of the electric propulsion system was lower
in case 2 than in case 1 throughout the mission profile,
which resulted in the increase in battery weight.

The weight for the motor and inverter in case 2 was
predicted to be higher for the following reasons. Case
1 estimates the weight using only maximum
continuous power and specific power without
considering the motor's maximum continuous torque

. P .
and maximum RPM: Wy oior = %"“”. Since the

regression model used in case 2 considers the
maximum continuous torque and maximum RPM,
which are actual motor‘s specification, conservative
results are obtained. Since the inverter is also sized
based on the maximum continuous power that
reflects the maximum continuous torque and
maximum RPM, the inverter of case 2 is sized larger
than that of case 1. For these reason, the weight of
the electric propulsion system in case 2 is predicted
to be larger than in case 1.

The battery analysis results for each mission segment
are shown in Figure 10. First, the greater the shaft
power is required for mission performance, the
greater the current of the battery and the lower the
voltage occurs. Furthermore, the voltage drop is
visible in the cruise mission that takes the most time.
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Figure 10 Battery Analysis Results for Each Mission Segment

Due to the voltage drop, the result was derived that
the cell current at the landing mission was more
significant than the cell current at the hovering,
although the required shaft power at the landing was
smaller than the shaft power at the hovering.

Based on the characteristics of the existing electric
propulsion system, the eVTOL aircraft was sized, and
the available payload was reduced by 40 Ib compared
to the existing simple analysis method.

5. CONCLUSION

In this study, an advanced analysis method of the
electric propulsion system for UAM vehicles was
proposed. To this end, three models were primarily
presented: motor-analysis, inverter-analysis, and
battery-analysis module. These modules can hanlde
the electric characteristics of the electric devices.
First, a motor-analysis module was developed to
handle PMSM's control strategies—MTPA, FW, and
MTPV. Second, the inverter-analysis module was
constructed considering the switching loss and
conduction loss. Moreover, based on the near-linear
discharge model, the battery-analysis module was
constructed to consider the voltage drop. In order to
demonstrate the capability of the proposed analysis
method for the electric propulsion system, the eVTOL
aircraft sizing was performed in two cases depending
on the type of analysis method for the electric
propulsion system. Through the comparative study,
the conclusions were as follows:

1) PMSM can have a very high efficiency of 96%
when operated in an operation region. In
addition, when a single PMSM is used instead of
multiple PMSM, the high voltage and current
required by the PMSM can occur a huge
switching loss and conduction loss of the
inverter.

2) The motor should be sized based on the

maximum continuous power determined by the
maximum torque and maximum rotation speed.
3) The voltage drop caused by the increase in DoD
increases the cell current, which accelerates
battery consumption.
These results can provide insight into the
characteristics of the electric propulsion system. The
general regression models for inverters and batteries
as well as motors should be considered as additional
improvements. Also, an design of the thermal
management system through the thermal analysis is
needed for the electric propulsion system to make the
design even more realistic.
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APPENDIX
Geometry data
Table Al: Geometry data

Geometry data

Radius: 2.0 ft

Solidity: 0.2

Taper: 0.75

Collective pitch: 0.236 rad

LItDP 7] | Ajrfoil: NACAQO12
Material: aluminum 6061-T6
Parasitic drag (D/qg): 1.18 ft2
Technical factor: 0.65
Area: 114 ft2
Aspect ratio: 11.4
Taper: 1.0

Wing [17, 19] Incidence angle: 0.216 rad

Airfoil: NACA0018

Material: aluminum 6061-T6
Technical factor: 0.65
Radius: 3.5 ft

Solidity: 0.1

Airfoil: NACA0012

Material: aluminum 6061-T6
Technical factor: 0.65

Area: 19.1 ft?

Aspect ratio: 4.78

Taper: 1.0

Airfoil: NACA0012
Technical factor: 0.76

Area: 12.69 ft2

Aspect ratio: 1.41

Taper: 0.5

Airfoil: NACA0012

Parasitic drag (D/q): 0.203 ft?
Technical factor: 0.76
Material: aluminum 2024
Parasitic drag (D/qg): 0.98 ft?

Propeller [17]

Horizontal
stabilizer [17]

Vertical
stabilizer [17]

Supporting rod
[17]
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Material: Composite
Fuselage [17] | Parasitic drag (D/q): 0.62 ft2
Technical factor: 0.76

Parasitic drag (D/q): 0.377 ft?

Landing gear
[17]
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