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Abstract
The increasing demand for long-range electric vertical takeoff and landing (eVTOL) aircraft has underscored
the need for efficient hybrid powerplant systems (HPPS) that integrate turbogenerators (TGs) and batteries.
This study presents HYSIZE (Hybrid System Initial Sizing Method), an analytical approach for rapidly estimat-
ing HPPS weight fraction without iterative performance—weight coupling. By embedding OEI and OBI failure
cases into the design logic, the method supports fail-safe architecture essential to eVTOL reliability. Two sizing
strategies, targeting either vertical climb or cruise, are introduced, and a threshold is derived to determine
whether TG- or battery-dominant configurations are more suitable based on specific power differences. Below
the threshold, twin TGs alleviate battery burden under OEI conditions; above it, TG count has no effect on
system weight. Sensitivity analyses and case studies for 5- and 9-seat aircraft demonstrate the method’s
scalability and practicality, offering a structured design tool for OEMs to explore viable TG—battery combina-

tions.
1. NOTATION
Symbols
DL Disk loading, kg/m?2
FM Figure of merit
kwp Wing download factor
GwW Gross weight, kg
g Gravitational acceleration, m/s?
Viert Vertical flight velocity, m/s
p Air density, kg/m?3
P Power, kW
P* Normalized power
E* Normalized power, hours
L /D Lift-to-drag ratio
n Efficiency, %
H, hybrid power ratio
€ battery model constant
A Ratio of continuous to rated power
PL Power loading, kg/kw
y Margin factor, %
SP Specific power, kW/kg
SE Specific energy, kWh/kg
N Componant quantity, EA
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Acronyms

eVTOL electric Vertical Takeoff and Landing
HPPS Hybrid Powerplant System
UAM Urban Air Mobility

TG Turbo-Generator

OEl One Engine Inoperative
OBl One Battery-pack Inoperative
VFM VTOL Flight Mode

VCL Vertical Climb

CRz Cruise

SoC State of Charge

SoH State of Health

EoL End of Life

SFC Specific Fuel Consumption
CBS Cruise-based Sizing

VBS VTOL-based Sizing

SAT Sizing Approach Transition
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2. INTRODUCTION

The development of eVTOL aircraft is accelerating
the realization of UAM by offering a sustainable and
efficient transportation solution. However, the
feasibility of fully electric propulsion remains
constrained by current battery technology limitations,
particularly in energy density, charging time, and
degradation over lifecycle (Ref. 1, 2). To overcome
these limitations, hybrid powerplant systems (HPPS)
combining TGs and batteries have been proposed as
a promising alternative (Ref. 3, 4). A TG consists of a
turboshaft engine and a generator that converts its
mechanical output into electricity. In these systems,
TGs provide continuous power for cruise flight, while
batteries support peak loads during VTOL operations
such as takeoff, hover, and transition (Ref. 5, 6).
Recent research has incorporated redundancy
criteria such as OEIl into HPPS sizing frameworks.
Finger et al. (Ref. 7- 9) showed that including OEI
constraints significantly reduces the feasible design
space. De Vries et al. (Ref. 10) extended this
approach to account for failure cases involving all
powertrain components. However, most previous
studies have not considered the OBI condition, which
should be jointly addressed with OEIl in TG-battery
hybrid HPPS architectures to ensure comprehensive
redundancy coverage. Although Finger et al. (Ref. 11)
demonstrated the influence of battery-specific power
on initial sizing outcomes and emphasized the critical
role of component-level performance in hybrid
propulsion system design, the impact of technological
maturity differences between TG and battery systems
on sizing strategies remains largely unexplored and
is not reflected in existing methodologies. Moreover,
no prior work has proposed analytical initial sizing
methods capable of rapidly estimating the HPPS
weight fraction based on normalized power and
energy requirements without iterative computation.

This study develops a rapid, analytical method for the
initial sizing of TG and battery-based HPPS in eVTOL
aircraft. The proposed method estimates the HPPS
weight fraction without iterative coupling between
weight and performance. The method supports a fail-
safe architecture by explicitly incorporating two critical
failure conditions, OEI and OBI, into the sizing logic.
Two alternative sizing strategies are introduced: One
focuses on the vertical climb segment, while the other
focuses on the cruise segment. A transition threshold
is analytically derived to determine the preferable
strategy based on the specific power difference of the
TG and battery systems. In addition, the influence of

key aerodynamic parameters such as lift-to-drag ratio
and disk loading is assessed. Finally, the method is
applied to two representative aircraft with different
payload capacities to demonstrate its applicability to
early-stage eVTOL sizing.

3. INITIAL SIZING METHOID

3.1. eVTOL aircraft characteristics

For the effective design of a HPPS for eVTOL aircraft,
a clear understanding of mission-specific flight char-
acteristics is essential. Figure 1 illustrates a simplified
power consumption profile across two primary flight
modes: VTOL mode, enabling vertical operations
through rotary-wing-like mechanisms, and cruise
mode, providing efficient wing-borne forward flight.
VTOL mode requires substantially higher instantane-
ous power to generate lift during takeoff, hover, and
descent. Its performance is largely governed by disk
loading, which determines the thrust and power
needed. In contrast, cruise mode operates at a lower
power level over a prolonged duration, making it the
most energy-intensive segment overall. Here, lift-to-
drag ratio is the dominant aerodynamic factor influ-
encing efficiency.

In VTOL mode

In Cruise mode

Energy Efficiency
Peak Power 1
t Lift-to-Drag ratio
Disk loading

Figure 1: Simplified flight characteristics of eVTOL
aircraft

Figure 2 presents the sizing mission profile used to
perform the initial sizing of the HPPS for long-range
eVTOL aircraft (Ref. 12). This profile includes both a
nominal mission and a reserve cruise segment. In line
with regulatory requirements applied to fixed-wing air-
craft under instrument flight rules, a 45-minute re-
serve cruise is incorporated. This reserve is appropri-
ate for eVTOL applications, as the aircraft operates in
wing-borne cruise mode at its designated cruise
speed during this segment. The cruise flight speed is
defined by a speed of 300 km/h at an altitude of 1,500
feet above ground level (AGL). For simplification, the



total mission range is assumed to consist solely of a
300 km cruise segment, excluding the effects of ac-
celerated climb and decelerated descent. Transitions
between vertical and cruise flight are replaced with a
hover segment. Vertical climb and descent rates are
set to 500 feet per minute (fpm) and 100 fpm, respec-
tively. Based on this mission profile, aircraft perfor-
mance is assessed to compute the required power
and energy. Key performance parameters used in the
analysis are summarized in Table 1.

Cruise at 1,500 ft AGL Cruise (45min.)

Reserve Flight

Speed: 300 km/h
{ Transition
i (30s)

Vertical descent from
50 ftat 100 fom| Taxi

Transition §

(30s) i
Vertical climb to 50 ft
Taxi |AGL at 500 fpm

300 km

Figure 2: Sizing mission profile

Table 1: Performance parameters for eVTOL aircraft

Design parameters Value
Figure of merit, FM 0.75
Disk loading, DL 608 N/m?
VTOL Electric effl_C|ency including
motor and invertor, 0.81

Nelectric@VFM
Wing download factor, ky, 1.1

Propeller efficiency, 7,0 0.85

Lift to drag ratio, L/, 11
Cruise  Electric efficiency including

motor and invertor, 0.86

Nelectric@crz

These values represent typical assumptions but can
be adjusted as needed. Required power during VFM
is estimated using a momentum theory-based model
(Ref. 13), as shown in Eq. (1).
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This formulation is applicable to the hover, vertical
climb, and vertical descent phases. Among these, the
vertical climb phase is characterized by the highest
power demand within the mission profile. Therefore,
the required power during vertical climb under normal
flight conditions is designated as the reference value,
as expressed in Eq. (2), and is subsequently used to
normalize all power and energy parameters through-
out the analysis.
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In contrast, the cruise phase operates at a lower
power level but extends over a longer flight duration,
making it the most energy-consuming flight of the
mission. The required cruise power is calculated, as
given in Eqg. (3). For each operation mode, the motor
and inverter efficiencies are collectively represented
by a single electric efficiency parameter. Separate
values are assigned to the VTOL and cruise seg-
ments due to differences in torque and RPM operat-
ing ranges.

GWg Verz

®) Pcrz = I,
Nelectric@CcRz nprop /D

To estimate aircraft performance (power and energy)
without a predefined gross weight, power-based nor-
malization is applied. Both the required power and en-
ergy are normalized with respect to the reference
power, as described in Egs. (4) and (5).

(@) pr=—
PVCL
(5) Er=r
PVCL

Table 2 presents the normalized power and energy
values required for each segment for the sizing mis-
sion profile. The normalized energy reflects the num-
ber of flight hours the aircraft can sustain vertical
climb segment. This approach allows the HPPS siz-
ing to proceed independently of aircraft gross weight.



Table 2: Required P* and E* for the mission profile

. Nominal Mission Reserve

Sizing . . .

Mission Profile Ver'tlcal Transition ~ Cruise  Transition Vertical Cruise unt
Climb Descend

Vertical speed 2.5 - - - -0.5 - m/s
Horizontal speed - - 83.3 - - 83.3 m/s
Flight Distance - - 300 - - 225 km
Flight time 0.5 0.5 60.0 0.5 0.5 45.0 min

Required P* 1.0 0.92 0.34 0.92 0.91 0.34 -
Required E* 0.008 0.008 0.336 0.008 0.008 0.25 hour

3.2. TG-battery hybrid powerplant system

A TG-battery hybrid powerplant architecture employs
a series hybrid electric powertrain that supplies elec-
tric power to a motor driving a propeller or rotor. The
configuration considered in this study is illustrated in
Figure 3, where the hybrid system comprises battery
packs, TGs, and a fuel tank. While a twin TG config-
uration is used as the primary example, single-TG
configurations are also considered. The term “twin
TG” may refer either to two turboshaft engines each
coupled with a separate generator, or to one tur-
boshaft engine operating with two generator units.
The selection between these options should be deter-
mined through safety analysis. However, in this study,
the configuration is not explicitly specified; the twin
TG is treated conceptually as a redundant configura-
tion, and power allocation is analyzed at the system
level under failure conditions.

»  Motor [+ Propeller/Rotor |

Inverter
Neg |

I Inverter

Figure 3: Schematic of serial TG-battery hybrid-elec-
tric powertrain

»  Motor [» Propeller/Rotor |

Power distribution is managed by a power
management and distribution unit. A key design
parameter is the hybrid power ratio, denoted as H,,
which represents the proportion of total power
supplied by the battery. The total power is the sum of
battery power, Py, and TG power Pr;, and H, is
mathematically defined in Eq. (6). When H,, is equal
to 0, only TG power is used; when H, is equal to 1,
only battery power is used. Values between 0 and 1
indicate concurrent use of both sources, while a

negative value indicates that the battery is being
charged by excess TG power.

G H, =

Pbat Pbat

Prequired Pbat + PTG

For battery sizing, a voltage drop model based on the
SoC is employed. Eq. (7) presents a simplified battery
cell model (Ref. 14) describing the voltage drop from
initial voltage to the terminal voltage determined by
the battery model constant. As SoC decreases,
internal resistance increases, reducing power output
and degrading energy performance.

SoC

€s0c = 1T e(1 - So0)

Since battery degradation is associated with repeated
charge-discharge cycles, capacity should be sized
considering the SoH at EoL. A minimum SocC is also
specified to prevent excessive sizing due to voltage
drop. The battery model’s characteristics vary with ¢,
which was calibrated using experimental data (Ref.
15), as shown in Figure 4.
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Figure 4: Comparison of experimental data and the
simplified battery model

Calibration was based on a minimum SoC of 50%,
with the resulting voltage drop effect evaluated at



approximately 93%. The input parameters for each
hybrid powerplant component are summarized in
Table 3.

Table 3: Key parameters for each HPPS component

Parameters Value
SoH at EoL, SoHg,; 80%
Minimum SoC, SoCp,in 50%
Initial SoC, SoC;y; 85%

Bat-  Model constant, ¢ 0.93

tery Max. di

ischarge rate, 9C
Cbat.max
Ratio of continuous

. 0.56
to maximum power, A, ,;
Ratio of continuous

. 0.93

TG to maximum power, Aq
Specific power, SPr¢ 1.65 kW/kg
SFC 0.4 kg/kWh

Fuel Ratio of fuel-to-tank mass 0.92
Specific energy, SEf, 2.5 kWh/kg

Power demand is categorized into maximum

continuous power for normal operation and maximum
rated power under failure conditions. Their ratio is
denoted by A. Rather than constructing full engine
performance maps, the study adopts system-level
values from previous research or available datasets.
The specific power and specific energy are
interpreted under practical aircraft operation. TG-
specific power reflects onboard cooling performance
under high-power-demand phases such as VTOL
phase, while cruise phase energy efficiency is
represented by SFC, which dominates overall energy
demand. System-level fuel specific energy is
calculated from SFC and the fuel-to-tank mass ratio.
As battery technologies continue to evolve, this study
fixes TG technology level and explores various
battery technology levels for comparison.

3.3. Sizing Guidelines

To guide the initial sizing of a HPPS, five key princi-
ples are introduced. These principles are based on
three fundamental assumptions: the system must de-
liver sufficient power under both normal and failure
conditions, store adequate energy to complete the
entire flight mission including reserve segment, and
minimize total system weight. These principles are
grouped into two categories. The first two focus on

sizing the hybrid power capacity for VTOL operations,
while the remaining three address sizing the hybrid
energy capacity for the cruise and reserve segments.

The five sizing principles are:

1) Safe operation of battery & TG in normal condition
2) Reliable VTOL flight in any failure cases

3) Primary use of efficient energy source in cruise

4) Charge battery energy in nominal cruise

5) Use the remaining energy in the reserve

First Principle: Under normal flight conditions, the bat-
tery must operate within its maximum continuous dis-
charge rate to prevent thermal or chemical degrada-
tion. Among all flight phases, vertical climb during
VTOL imposes the highest instantaneous power de-
mand, making it the reference condition for evaluating
battery discharge capability. Likewise, the TG must
operate within its continuous power rating in the same
condition. The hybrid power ratio for vertical climb
segment is defined as the ratio of battery power to the
total power required, as shown in Eqg. (8)

8) Hyyer = Ppat avairhvat = 1 — Prg.avaulre
Second Principle: The aircraft must maintain VTOL
capability even when a single failure occurs. Two fail-
ure cases are considered in this study: OEI and OBI.
The corresponding hybrid power ratios are presented
in Egs (9) and (10). A power relaxation between nor-
mal and failure conditions is used to account for the
reduced vertical climb speed requirement under fail-
ure conditions, as shown in Eq. (11). In this study, the
the degraded vertical climb speed under failure is as-
sumed to be 100 fpm.

©) H, o = Ppat.avait —-1_ Pré avail (NTG - 1)
(Dfail (Dfail NTG
(10) H _ Pyat.avait <Nbat - 1) . M
OBl = —
p.0 Drair Npat ®ran
2DL
(11) Vverofan + [VWerasair + =
cDfail =

’ 2DL
VVCL + VVZCL + T

Third Principle: During cruise, the energy source with
the higher specific energy, which is fuel, should be
used as the primary source. Since the cruise segment
is the longest flight of the mission, it contributes most



significantly to overall energy consumption. Prioritiz-
ing the use of the TG, which uses fuel, reduces the
total energy weight of the system.

Fourth Principle: During nominal cruise, surplus
power from the TG should be used to recharge the
battery, assuming no ground-based charging is avail-
able. The amount of energy charged must equal the
battery energy consumed during VTOL flight opera-
tions, thereby restoring the SoC to its initial level by
the end of the nominal mission. The hybrid power ra-
tio during cruise is defined as the ratio of normalized
battery charging power to the total normalized cruise
power requirement, as shown in Eq. (12). If the bat-
tery charging duration is assumed to equal the cruise
duration, this hybrid power ratio becomes equivalent
to the energy ratio. Here, the normalized energy
charged to the battery is calculated by multiplying the
hybrid ratio of vertical climb by the total energy re-
quired for VTOL operations. The total VTOL energy is
obtained by subtracting the normalized cruise energy
from the total mission energy.

X
HpyeEvem

* *
Pchar e Echar e
H — ge __ _ ge __
p.CRZ — pr = E =
CRZ CRZ

(12) Etrz
where, Ecparge = EvemHpver = (Exom — Eérz)Hpyer
Fifth Principle: This principle ensures that the aircraft
utilizes all remaining energy while retaining the capa-
bility to perform a vertical landing after completing the
reserve segment. The hybrid power ratio during
cruise in the reserve segment is defined as the ratio
of battery energy used during the reserve to the total
energy required in that segment, as presented in Eq.
(13). The usable battery energy is estimated based
on the calculated available battery power capacity,
which accounts for system-level sizing constraints,
the maximum discharge rate and the voltage drop oc-
curring at the minimum SoC required to ensure VTOL
capability.

(13) H _ E;at.avail _ Pgat.avail(socini - SOCmin)
.RES — * - "
PRE ERES Cbat.maxeSoC.minEREs
3.4. Initial sizing process

To implement the proposed sizing principles in a
systematic manner, an analytic initial sizing
procedure for the hybrid powerplant system is
developed in this section. Figure 5 illustrates the flow
chart of the analytic initial sizing method. The process
begins by entering the design parameters listed in
Table 1 to estimate the normalized power and energy

requirements of the eVTOL aircraft. These
estimations are based on the mission profile provided
in Figure 2, with results summarized in Table 2.

Input performance factors of the eVTOL aircraft

'

Calculate the required P* and E*

v

Determine the battery minimum SoC

If battery’s technology
maturity exceeds criteria

Yes No
v v

Calculate available power Calculate available power
using cruise sizing approach | | using VTOL sizing approach
\ ]

v
Calculate Hybrid Power Plant System (HPPS) weight fraction

Calculate gross weight
for payload and airframe weight fraction

End

Figure 5: Initial sizing flow chart of HPPS

Subsequently, the minimum battery SoC must be
defined to guarantee sufficient climb power following
the reserve segment; in this study, the threshold is set
at 50%, as shown in Table 3.

The total weight of the HPPS comprises the individual
component weights of the battery, TG, and fuel. Each
of these components can be expressed as a weight
fraction by dividing its weight by the aircraft’'s gross
weight, as indicated in Eq. (14).

WFyupps = WEpqr + WFrg + WFpye
L P, .
soc.min SOHgoSPgar  DOtavalt

Y . VE .
+ SPTG PTG.avail + SEfuel Efuel.avail

(14) PL—l

Here, the power loading factor, denoted as PL, is
defined as the ratio of the gross weight to the
reference power. This enables the initial sizing to be
conducted independently of gross weight by
calculating the HPPS weight fraction using PL in
combination with normalized power and energy
values. The last term in the sizing equation, the
available fuel energy, which reflects the weight of the
fuel system, can be reformulated as a function of the



normalized available battery power, as defined in Eq.
(15).

Efyet.avair = Enom + (1 - Hp.RES)E;ES

(15) SOCini - SOCmin

= ENom + Eggs — Pljat.avail e C
SoC.min“bat.max
Due to the differing levels of technological maturity
between the battery and TG systems, the sizing
process may follow different paths and produce
different outcomes. However, there exists a
convergence point at which the weight fractions
calculated by the cruise-based sizing (CBS) and the
VTOL-based sizing (VBS) methods are equal. This
intersection is defined as the Sizing Approach
Transition (SAT) threshold, represented by Eq. (16).
(16) WFyppseves + WFuppsacps = 0

Eq. (17) is derived by substituting the normalized
battery and TG power contributions into the hybrid
power ratio expressions for vertical climb, given in Eq.
(8) through (10).

-1
(HP.sizingpoint@VBS - HP.sizingpoint@CBS)PL

(17) Yp
€soc.min SOHEoL SPbat.crit _
Yp YE (SOCini - SOCmin) -

SPTG sp SEfueleat.maxeSoC.min

In this study, a sizing point is a flight condition which
can potentially require the maximum power,
specifically vertical climb in Normal, OEI, or OBI
conditions. In this formulation, the sizing point factor
varies depending on which sizing point determines
the maximum battery capacity requirement. The
sizing point is identified by comparing the highest
battery power demand during vertical climb across all
conditions, as shown in Eqg. (18). Table 4 lists the
sizing point factors for each sizing point.

(18) Sizing Point = arg

max P o
ie{Normal, OEI, 081} D@t

Table 4: Sizing point factors for each sizing point

Sizing Point  Normal OEl OBl
Abat NTG Nbat -1
Osp _
Arg Nrg — 1 Npae

Since the sizing approaches differ, the resulting
hybrid power ratios are naturally distinct. Therefore,
to satisfy Eq. (17), the term within the square brackets

must be zero. This condition leads to the
determination of the battery system’s specific power
at the SAT threshold, calculated using Eq. (19). When
the battery’s specific power exceeds the SAT
threshold, the CBS approach is adopted; otherwise,
the VBS approach is applied.

VP/

(eSoC.min SOHEOL)

[ Yp g + Ye(S0Cini — S0Cmin)
SPTG P SEfueleat.maxeSoC.min
The CBS approach is grounded in sizing principles #3
and #4, which emphasize the use of energy-efficient
TG during cruise. In this approach, the required TG
capacity is computed first, followed by the
determination of the remaining battery capacity
necessary for vertical climb operations. The minimum
available TG power required to meet cruise power
demand while simultaneously charging the battery is
derived by substituting the cruise hybrid power ratio,
defined in Eq. (12), into Eq. (20).

(19) SPpatcric =

P’I*‘G.avail = (1 - Hp.CRZ) %

TG

_ (1 _ Hp.VCLEf;FM) Perz
EERZ ATG

The hybrid ratio for vertical climb is formulated and

rearranged in Eq. (21) by applying sizing principle #4.

(20)

Hp.VCL =1- (1 - Hp.CRZ)PC*RZ
(21) _ 1- PERZ
E; R
1+ EKFM Prrz
CRZ

This formulation links the hybrid power ratios between
cruise and VTOL segments. Once the hybrid ratio for
vertical climb is determined, it is inserted into Eq. (19)
to calculate the minimum required TG capacity. The
corresponding available battery power capacity is
then obtained by evaluating the power demands
during vertical climb under normal conditions, as well
as under failure cases including OEI and OBI. The
maximum value among these determines the final
requirement, as shown in Eq. (22).

(22) Ppat.avair = ie{Norr;rlzlla)(gEl 0BI} Pgat@i

The VBS approach follows sizing principles #1 and
#2, ensuring that the HPPS can safely operate within
continuous power limits under normal vertical climb
and within maximum power ratings under failure

conditions.



Table 5 Available power formulation for each sizing case of VBS approach

No. Sizing Points Ppat avait P16 avait
1 Normal & OE DraiArgNrg — Nrg + 1 (1 = Pruidpae)Nrg
AreNrg = ApatNrg + Apat ArgNrg = ApacNrg + Apar
5 Normal & OB Npat (@Praure — 1) Npat = 1 = @i Apat Npar
Ar6Npat — A1 — ApatNpat AréNoar = Aré — ApatNpar
Nyt Drpi Ny ®
3 OEI & OBI bat ¥ fail TG ¥ fail
Npge + Npg — 1 Npgt + Npg — 1

In this study, a sizing case is defined as a pair of
sizing points that together determine the capacities
required for both TG and battery systems. For each
case, full hybrid throttle is assumed at both sizing
points. The hybrid throttle is defined as the ratio of the
required power to the total available power. Sizing
points are influenced by system configurations such
as the number of battery packs and TGs as well as
technical parameters including the ratio of continuous
to maximum power and the power relaxation between
normal and failure conditions. The possible
combinations of sizing points are categorized into
three sizing cases, as shown in Table 5.

For each sizing case, the normalized available
powers of the battery and TG are derived using
analytical formulas that assume full hybrid throttle at
both sizing points. Table 6 presents the calculated
hybrid throttle values for each condition.

Table 6 Hybrid throttle under each flight condition

Flight condition Hybrid Power Throttle

1
Normal AbatPpat.avait T A16Pre avait
Prai
OF! Pyat avair + Pre.avait (NTA(;iT;l)
Prai
o®! Pyt avait (Nb#a:l) + Prg avan

Only physically feasible solutions are considered: the
available battery power must be non-negative, the
hybrid throttle must not exceed 1, and the available
TG power must satisfy the cruise power requirement.

Among the feasible configurations, the one with the
lowest total HPPS weight is selected as optimal, as
determined by Eq. (23).

WF, HPPS

, Yp X
(23) ie{feasrg}lgcases} [(eSOC.min SOHEOLSPBat bat.avail

+ S]I/D%P;‘G.avail + %E;uel.availl] pL7?
The normalized available power of the battery and
TG, obtained from either the CBS or VBS approach,
is used to compute the HPPS weight fraction
according to Eq. (14). Once this weight fraction is
determined, it is combined with the payload and the
airframe weight fraction, which includes the remaining
aircraft mass, to calculate the gross weight using Eq.

(24).

Payload
1- WFairframe - WFHPPS

This sizing methodology enables a one-pass
estimation of aircraft gross weight that does not rely
on any prior gross weight assumptions, making it
suitable for early-phase conceptual design. However,
the method assumes a constant disk loading. In
cases where the rotor diameter remains fixed and the
gross weight varies, the resulting change in disk
loading requires iterative updates until convergence
is achieved.

(24) GW =

Dring the initial sizing process of the HPPS, the hybrid
power ratio obtained from the vertical climb segment,
which imposes the highest power demand, was
consistently applied to all VTOL segments, including
transition and vertical descent. This method enables
sizing based on the most critical segment but causes
variation in the TG power applied during each VTOL



phase. From a practical standpoint, operating the TG
with constant power output is preferable to
maintaining a uniform hybrid ratio across all
segments. To address this, Eq. (25) was developed.
It represents the actual operational hybrid power ratio
for each VTOL segment by combining their respective
normalized power requirements with the hybrid ratio
determined from the vertical climb segment, based on
Eqg. (8). Following Sizing Principle 4, the operational
hybrid power ratio during cruise is updated in Eq. (26)
to account for the battery energy consumed in each
VTOL segment. Furthermore, substituting Eq. (25)
into this formulation allows the hybrid power ratio to
be expressed in a simplified, non-integral form.

*
PTG.avail/lTG

H,; =1- "

(25) p.lL.VFM.oper Pi_VFM
—1— 1—HyyeL
PiTVFM
VFM
Hp.CRZ.oper = - Z E*_al.i.CRZ.oper
7 CRZ

(26) VFM

__ Z (Ez* - ti(l - Hp.VCL))
. Ecgz

l
_ tyrm (1 — HyyeL)—Evem

*
ECRZ

4. RESULTS and DISCUSSION

4.1. Initial sizing of HPPS

The proposed method presents two distinct sizing ap-
proaches based on the relative maturity of battery and
TG technologies. To analyze the impact of differ-
ences in technological maturity between the battery
and TG, the TG specific power was fixed at 1.65
kW/kg, and the battery specific power was varied.
The initial sizing results of the HPPS were analyzed
to each approach. In this section, the HPPS configu-
ration is assumed to consists of twin TG and 2+ bat-
tery packs. As shown in Figure 6, the HPPS weight
fraction varies with battery specific power. Both sizing
results from VBS and CBS approach are presented.
The present method reveals that the optimal sizing
approach, which minimizes the HPPS weight fraction,
shifts at an TG specific power of 3.53 kW/kg. This
transition point, referred to as the SAT threshold, is
consistent with the analytically derived value from Eq.
(19). If the battery specific power is below the SAT
threshold, VBS approach yields better initial sizing re-
sults. Conversely, if the battery specific power ex-
ceeds the SAT threshold, the CBS approach is more

suitable. Furthermore, when the battery specific
power equals the SAT threshold, both sizing ap-
proaches yields the same HPPS weight fraction.
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Figure 6: Initial sizing flow chart of HPPS

Even with the same HPPS weight fraction, different
sizing approaches result in distinct component weight
distribution. Figure 7 shows a comparison of the
weight distributions from the two sizing approaches at
an TG specific power of 1.65 kW/kg, corresponding to
the SAT threshold.
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Figure 7: HPPS weight distribution comparison from
two sizing approaches at the SAT threshold

In the VBS approach, the weight distribution is
highest for the TG (14.9%), followed by the battery
(7.2%) and fuel system (8.0%). In contrast, the CBS
approach shows the highest weight distribution for the
battery (14.7%), followed by the TG (7.8%) and fuel
system (7.7%). These result indicate the TG
dominates in the VBS design, while the battery is the
heaviest component in the CBS design. Notably, the
higher battery weight fraction in the CBS results in
increased stored battery energy, leading to a 0.3%



reduction in fuel weight fraction compared to the VBS
design. To further understand the underlying reasons
for the differences in component weight distribution
between the two sizing approaches, it is essential to
examine the operational throttle settings that drive the
sizing of each power source during different flight
phases.

The component sizing of the HPPS is essentially
carried out by determining the maximum power
demands across all phases of flight and verifying that
each power source, or the combined system, is
capable of meeting these demands. Accordingly,
examining the flight segments in which the HPPS
operates at full throttle helps to identify the specific
flight conditions that govern the sizing of each power
source. Figure 8 indicates the hybrid power throttle
utilization across different flight conditions for both the
CBS and VBS approaches, assuming a TG specific
power of 1.65 kW/kg, which matches the SAT
threshold.
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Figure 8: Analysis of sizing points requiring full throttle

The HPPS configuration employed in this evaluation
includes twin TGs and 2+ battery packs, as described
earlier. In the VBS case shown in Figure 8(a), the

system is dimensioned to allow full throttle operation
during both normal vertical climb and vertical climb
under the OEI condition. Here, the normal vertical
climb requires maximum continuous power, while the
OEI condition demands maximum rated power. On
the other hand, the CBS shown in Figure 8(b) sets the
sizing point such that full throttle operation is available
during both cruise and normal vertical climb. In this
case, the TG is first sized to satisfy the cruise power
requirement, followed by battery sizing to meet the
vertical climb requirement. This approach justifies the
designation of the method as cruise sizing. It
demonstrates that the capacities of the TG and
battery are simultaneously determined to fulfill the
required power levels during both flight conditions.

Figure 9 presents the results of energy consumption,
power usage, and hybrid power ratio throughout the
sizing mission profile defined in Figure 2.
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Figure 9: Energy and power consumed in executing
the mission profile

The mission includes both nominal flight segments
and a reserve segment. For this analysis, the reserve
segment duration is included in the overall mission to
evaluate energy allocation and power management
over the entire flight envelope. In the figure, the
remaining fuel and battery SoC are plotted as line
graphs on the left axis, while the power output of each
power source is displayed as bar graphs on the right
axis. The hybrid power ratio values are indicated



numerically in blue on the respective bars. Figures
9(a) and 9(b) show the results of the VBS and CBS
approaches, respectively. Fuel is consumed from
100% to 0%, and the battery starts at an SoC of 85%,
decreasing to a minimum of 50% by the end of the
mission. For instance, the SoC drop to approximately
80% during the vertical climb indicates that 5% of the
battery capacity is used during that phase. Notably,
the battery is recharged during cruise, which aligns
with the battery sizing objective of ensuring sufficient
SoC for stable voltage in VTOL operations. During the
reserve cruise segment, the battery is discharged to
support the entire required duration while maintaining
the 50% SoC threshold at landing. The CBS
approach is intended to reduce TG usage, resulting
in a peak hybrid power ratio of about 0.64, meaning
the battery supplies more than half the power during
vertical climb. Conversely, the VBS approach aims to
limit battery use, yielding a lower hybrid power ratio
of approximately 0.32. A comparison between the two
approaches shows that the hybrid power ratio during
vertical climb in the CBS case is nearly twice as high
as that in the VBS case. However, this outcome is
specific to the performance assumptions and HPPS
configuration used in this study and may differ under
alternative conditions.

4.2. Optimal combination analysis

For the TG-battery HPPS, various combinations of
TG and battery units were analyzed to identify the op-
timal configuration that minimizes the total system
weight while satisfying redundancy requirements.
These combinations involve different counts of TGs
and battery packs. To limit system complexity, the
number of TGs was restricted to a maximum of two.
Similarly, the configuration using only a single battery
pack was excluded, as it was considered overly con-
servative in terms of redundancy. The input parame-
ters for aircraft performance, system-level battery
specific power, and hydrogen specific energy were
kept consistent with those used in the previous sec-
tion. Figure 10 illustrates the variation in HPPS weight
fraction across several configurations, including a sin-
gle TG with two or more battery packs, and twin TGs
with two or more battery packs. In addition, the anal-
ysis revealed that increasing the number of battery
packs beyond two had no effect on the initial sizing
outcomes, indicating that system performance re-
mains unchanged once the minimum redundancy re-
guirement is met. The figure also presents the SAT

threshold for each configuration, defined as the bat-
tery’s specific power at which the sizing results from
the CBS and VBS approaches intersect. This thresh-
old varies depending on the number of TGs in the
configuration. Consistent with the results of the previ-
ous section, for all configurations, the VBS approach
results in a lower HPPS weight fraction when the bat-
tery specific power is below the SAT threshold. In
contrast, once the battery specific power exceeds the
threshold, the CBS approach becomes more favora-
ble. In the low specific power region (i.e., below 3.53
kW/kg), configurations employing twin TGs yield a
lower HPPS weight fraction than those using a single
TG. This is primarily because, under OEI conditions,
single TG configurations must rely entirely on the bat-
tery to meet power demands, leading to increased
battery weight. Conversely, in the high specific power
region (above 3.53 kW/kg), both configurations yield
identical and optimal results, indicating that the num-
ber of TGs does not affect the battery-dominant sizing
regime. Among all configurations investigated, the
twin TG with 2+ battery pack consistently resulted in
the lowest HPPS weight fraction across the full range
of battery specific power conditions.
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Figure 10: Comparison results for single and twin TG
configurations across specific power of battery pack
level

4.3. Effect of aerodynamic metric

This section presents a sensitivity analysis of HPPS
sizing outcomes in relation to variations in key aero-
dynamic performance parameters. The analysis fo-
cuses on the initial sizing of the HPPS, where the out-
comes are significantly influenced by the values of es-



sential input variables. Among the various aerody-
namic parameters, particular attention is given to the
lift-to-drag ratio, which characterizes the energy de-
mand during cruise, and the disk loading, which de-
termines the power requirement during VTOL opera-
tion. These parameters are selected for detailed ex-
amination, with their effects on the HPPS weight frac-
tion illustrated in Figure. 11.
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Figure 11: HPPS weight fraction variation across lift-
to-drag ratio and disk loading

The analysis is performed based on the previously
identified optimal configuration comprising twin TGs
and two battery packs. A battery specific power of
2.25 kW/kg (corresponding to 250 Wh/kg of specific
energy) is applied at the system level to ensure con-
sistency. The analysis reveals that at a lift-to-drag ra-
tio of 11 and a disk loading of 500 N/mz2, the HPPS
weight fraction is approximately 32%. It increases by
roughly 1% for every 50 N/m2 increment in disk load-
ing and decreases by about 1% for every 2-point in-
crease in lift-to-drag ratio. The present study adopts
a lift-to-drag ratio of 11 and a disk loading of 608
N/m2. The selected parameter range closely aligns
with estimates derived from current eVTOL aircraft.
For instance, the disk loading values for the Joby S4
(Ref. 16, 17) and Archer Midnight (Ref. 18, 19) are
approximately 600 N/m2 and 800 N/mz2, respectively,
based on their known gross weight and rotor area.
Although no official lift-to-drag ratio data are available
for these aircraft, it is generally estimated to fall within
the range of 11 to 15 in typical eVTOL designs. These
findings underscore the significant influence of lift-to-
drag ratio and disk loading on HPPS sizing, highlight-
ing the critical importance of accurately specifying
these parameters in the conceptual design phase of
HPPS.

4.4. Initial sizing of hybrid eVTOL aircraft

This section presents the initial aircraft sizing using
the optimal HPPS configuration derived earlier, con-
sisting of twin TGs and two battery packs. A system-
level battery specific power of 2.25kW/kg, corre-
sponding to 250 Wh/kg of specific energy, is applied
to ensure consistency with prior analyses. The result-
ing HPPS weight fraction is 34.3%, which provides
the foundational input for the sizing calculations. The
airframe weight fraction, reflecting the assumed air-
craft geometry, is used as an input parameter. Due to
uncertainty in the conceptual design stage, a range of
45% to 50% is assumed. The payload is defined as
the total occupant mass, based on 200 Ib (91 kg) per
seat. Seating capacities ranging from 5 to 9 are ex-
amined, with the 5-seat case representing one pilot
and four passengers. Gross weight is estimated using
Eqg. (24) as a function of HPPS weight fraction, air-
frame weight fraction, and payload. The resulting var-
iations in gross weight across the specified ranges of
airframe weight fraction and seating capacity are il-
lustrated in Figure 12. Based on the derived gross
weight, the maximum power capacities of the battery
and TG can be estimated by multiplying the respec-
tive weight fractions by the gross weight and their
specific power values. As shown in the Figure 13, the
required power for vertical climb, indicated by the red
line, is calculated by dividing the gross weight by the
power loading (PL) defined in this study and multiply-
ing the result by the power margin factor,
¥p- This figure highlights the 5-seat and 9-seat config-
urations, corresponding to airframe weight fractions
ranging from 45% to 50%, with yellow shading. The
5-seat class represents the typical aircraft configura-
tion currently under development by leading eVTOL
manufacturers such as Joby and Archer. In contrast,
the 9-seat configuration is under consideration as a
candidate for replacing certain classes of conven-
tional helicopters. Accordingly, these two configura-
tions serve as representative cases for evaluating the
scalability of the HPPS sizing approach, focusing on
varying payloads within an airframe weight fraction
range of 45% to 50%. As illustrated by the purple line,
the total power capacity is calculated by summing the
maximum power capacity of the battery and the TG.
It consistently equals 1.5 times the required power
during the vertical climb phase for all gross weight
conditions. The sized TG power capacity corresponds
to approximately 49% of the total power capacity and



73% of the required power. This consistent ratio re-
sults from the assumption that the HPPS input param-
eters and aircraft design variables remain unchanged
regardless of variations in payload or gross weight.
Consequently, under the configuration used in this
study (the twin TG with 2+ battery packs) and with
consistent input parameters, the TG and battery sys-
tems are sized to deliver 73% and 77% of the required
vertical climb power, respectively, resulting in a total
installed power capacity of 150%. The battery power
capacity reflects the effects of voltage drop during op-
eration at minimum SoC, as well as the SoH at the
end of battery life. This condition enables the mini-
mum-weight initial sizing of the HPPS.
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Figure 12: Gross weights for airframe weight fraction
of 45% to 50% across seating capacities
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Figure 13: TG and battery power capacities across
the gross weights

5. CONCLUSIONS

This study presented a rapid, analytical initial sizing
methodology for TG and battery-based hybrid power-
plant systems (HPPS) in eVTOL aircraft. The method,
termed HYSIZE (Hybrid System Initial Sizing
Method), enables single-pass estimation of HPPS
weight fraction without iterative coupling between
weight and performance, while explicitly addressing
redundancy through One Engine Inoperative (OEI)
and One Battery Inoperative (OBI) failure cases. The
main objective of this research was to identify the op-
timal HPPS configuration by developing sizing strate-
gies that reflect key component technology gaps,
evaluating TG configurations, analyzing aerodynamic
sensitivity, and demonstrating applicability across
various aircraft classes.

1. Two sizing strategies were established: one based
on the vertical climb phase and the other on cruise
performance. Analytical derivation identified the Siz-
ing Approach Transition (SAT) threshold at a battery
specific power of 3.53 kW/kg. Below this threshold,
the VTOL-based sizing strategy minimizes HPPS
weight by leveraging TG power; above it, the cruise-
based strategy becomes preferable due to improved
battery performance. While both approaches yield
identical total HPPS weight at the SAT point, they dif-
fer significantly in internal power distribution, with the
cruise-based strategy exhibiting nearly twice the hy-
brid power ratio during vertical climb.

2. The influence of TG configuration on HPPS weight
was assessed. Below the SAT threshold, a twin TG
layout reduced battery sizing requirements under OEI
conditions, resulting in a lower total system weight.
However, above the threshold, TG quantity no longer
influenced results, indicating battery dominance.
Across all configurations, the combination of twin TGs
and multiple battery packs yielded the lowest HPPS
weight fraction.

3. Sensitivity analyses were performed to quantify the
impact of aerodynamic parameters on HPPS sizing.
Assuming a system-level battery specific power of
250 Wh/kg, the HPPS weight fraction increased by
approximately 1% for every 50 N/m2 increase in disk
loading and decreased by 1% for every two-point in-
crease in lift-to-drag ratio. These findings highlight the
importance of selecting appropriate aerodynamic de-
sign parameters in early sizing stages.



4. The methodology was applied to two representa-
tive eVTOL configurations: a 5-seat and a 9-seat air-
craft. For an assumed airframe weight fraction range
of 45% to 50%, the optimized HPPS configuration en-
sured that TG and battery systems respectively deliv-
ered 73% and 77% of the vertical climb power, result-
ing in 150% installed capacity. This allows either
power source alone to meet 100% of demand under
OEl or OBI conditions, thereby satisfying redundancy
requirements.

Limitations and Future Work:

To simplify the analysis of gross weight trends and
payload scalability, this study assumed constant val-
ues for key aerodynamic parameters such as disk
loading and lift-to-drag ratio. Future work will integrate
an initial sizing platform that dynamically links aero-
dynamic, structural, and payload parameters. In the
short term, the HPPS sizing framework will be ex-
tended to incorporate detailed models of motors, in-
verters, and rotors. The complete system will be im-
plemented in an iron bird testbed to validate the sizing
framework and assess system-level performance un-
der representative operating conditions.

Author contact:

Minjun Park minjun.park@hanwha.com
Sehwan Park sehwanpark@hanwha.com
Nahyeon Rho nahyeon91@hanwha.com

Doyoung Kim doyoung@hanwha.com

6. ACKNOWLEDGMENTS

This work is supported by the Korea Agency for Infra-
structure Technology Advancement(KAIA) grant
funded by the Ministry of Land, Infrastructure and
Transport (Grant RS-2022-00143965).

7. REFERENCES

1. Maheshwari A, Mudumba S, Sells BE, De-
Laurentis DA, Crossley WA, “ldentifying and an-
alyzing operations limits for passenger-carrying
urban air mobility missions,” AIAA Aviation 2020
Forum. 2020, 2913. DOI: 10.2514/6.2020-2913.

2. Viswanathan V, Epstein AH, Chiang YM,
Takeuchi E, Bradley M, Langford J, Winter M,
“The challenges and opportunities of battery-

10.

11.

12.

powered flight,” Nature, 2022;601, pp. 519-525.
DOI: 10.1038/s41586-021-04139-1.

Salem KA, Palaia G, Quarta AA, “Review of hy-
brid-electric aircraft technologies and designs:
critical analysis and novel solutions,” Progress in
Aerospace Sciences 141, 2023, 100924. DOI:
10.1016/j.paerosci.2023.100924.

Kusmierek A, Galinski C, Stalewski W. “Review
of the hybrid gas-electric aircraft propulsion sys-
tems versus alternative systems,”. Progress in
Aerospace Sciences 141, 2023, 100925. DOI:
10.1016/j.paerosci.2023.100925.

Lee D, Lim D, Yee K, “Generic design method-
ology for vertical takeoff and landing aircraft with
hybrid-electric propulsion,” Journal of Aircraft,
2022, 59(2), pp. 278-292. DOI:
10.2514/1.C036214.

Hoelzen J, Liu Y, Bensmann B, Winnefeld C, El-
ham A, Friedrichs J, Hanke-Rauschenbach R,
“Conceptual design of operation strategies for
hybrid electric aircraft,” Energies, 2018, 11(1),
217. DOI: 10.3390/en11010217.

Finger DF, Braun C, Bil C, “Impact of engine fail-
ure constraints on the initial sizing of hybrid-
electric GA aircraft,” In AIAA SCITECH 2019 Fo-
rum, pp. 1812. DOI: 10.2514/6.2019-1812.

Finger DF, de Vries R, Vos R, Braun C, Bil C, “A
Comparison of Hybrid-Electric Aircraft Sizing
Methods,” In AIAA SCITECH 2020 Forum. 2020,
pp. 1006. DOI: 10.2514/6.2020-1006.

Finger DF, Bil C, Braun C, “Initial sizing method-
ology for hybrid-electric general aviation air-
craft,” Journal of Aircraft, 2019, 57(2), pp. 245-
255. DOI: 10.2514/1.C035428.

de Vries R, Brown M, Vos R, “Preliminary sizing
method for hybrid-electric distributed-propulsion
aircraft,” Journal of Aircraft, 2019, 56 (6), pp.
2172-2188. DOI: 10.2514/1.C035388.

Finger DF, Braun C, Bil C, “Impact of battery per-
formance on the initial sizing of hybrid-electric
general aviation aircraft,” Journal of Aerospace
Engineering, 2020, 33(3), 04020007. DOI:
10.1061/(ASCE)AS.1943-5525.0001113.

Patterson MD, Antcliff KR, Kohlman LW. A pro-
posed approach to studying urban air mobility
missions including an initial exploration of mis-



sion requirements. In Annual Forum and Tech-
nology Display, 2018, pp. 1-19. DOI: 10.4050/F-
0074-2018-12671.

13. Leishman, J. G., Principles of Helicopter Aero-
dynamics, Cambridge University Press, New
York, NY, 2000, Chapter 2.

14. Wang, M., Diepolder, J., Zhang, S., Sépper, M.,
and Holzapfel, F., “Trajectory Optimization
Based Maneuverability Assessment of eVTOL
Aircraft,” Aerospace Science and Technology,
Vol. 117, 2021, Art. 106903. DOI:
10.1016/j.ast.2021.106903.

15. Samsung SDI, “Specification of Product: Lith-
ium-ion Rechargeable Cell for Power Tools,
Model Name: INR18650-30Q,” Samsung
INR18650-30Q Datasheet, 2014.

16. Vertical Flight Society, “Joby Aviation S4 Pro-
duction Prototype,” eVTOL.news. Available:
https://evtol.news/joby-aviation-s4-production-
prototype [Accessed: July 9, 2025

17. Glenair Inc., “Series 801 Push-Pull Connector
Catalog, Page 4,” Available: https://catalogs.gle-
nair.com/view/1063911466/4/ [Accessed: July
9, 2025].

18. Vertical Flight Society, “Archer Aviation eVTOL
Overview,” eVTOL.news. Available: https://ev-
tol.news/archer/ [Accessed: July 9, 2025].

19. Jennings, R., “A Doubtful Military Revolution:
Replacing Choppers with Multirotor Electric Air-
craft,” The Strategist — Australian Strategic Pol-
icy Institute, Feb. 15, 2022. Available:
https://www.aspistrategist.org.au/a-doubtful-
military-revolution-replacing-choppers-with-mul-
tirotor-electric-aircraft [Accessed: July 9, 2025].

8. CLASSIFICATION & COPYRIGHT

The paper must be unclassified for release to the pub-
lic and cleared by the appropriate company and/or
government agency if necessary. CEAS and its na-
tional member societies shall be allowed to publish
the paper. The copyright information is stated on the
Forum website https://www.rotorcraft-forum.eu/ and
on the front page of this template. All papers pre-
sented at the ERF will be published as ERF proceed-
ings. In addition they will be available in a freely ac-
cessible web-based repository 2 years after the re-
spective conference.



https://www.rotorcraft-forum.eu/

