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Abstract. In the frame of the European objectives in terms of CO2 emissions, the aeronautics
is looking for a technological rupture to achieve them, in particular, the aircraft design domain
pursuits this through the research of innovative architectures. One of these innovative
configurations currently being explored includes the hybrid electric energy source
(thermal/electric) for Distributed Electric Propulsion (DEP) architecture. This Paper details a
code developed to size a general aviation aircraft at concept level, by only defining its top level
requirements and the main architecture parameters. The code can manage both conventional
and hybrid power source as well as concentred or distributed propulsion architectures in order
to allow the user to evaluate and compare the feasibility and benefits respectively of these
innovative architectures. This code is a branch of the code “FAST-CS25” (Future Aircraft
Sizing Tool for conventional CS-25 type) held by ONERA/ISAE-SUPAERO. The presented
work aims at the expansion of the FAST code to CS-23 conventional type, hybrid electric
energy source, and distributed propulsion system configurations. Through this paper, the
models and the main sizing loops for the concept design are described, but putting special
emphasis on the distributed propulsion aecrodynamics and wing mass estimation. These detailed
models where validated with the NASA X-57 DEP aircraft satisfactory. The whole concept
design loop of a hybrid energy aircraft was validated with the eGenius hybrid energy aircraft.

1. FAST GA development

FAST GA stands for “Future Aircraft Sizing Tool for Genaral Aviation™, it is divided in 3 main
options: a) Conventional aircraft, b) Hybrid energy aircraft, and ¢) Hybrid energy DEP aircraft. The
main objective of the code is to size an aircraft at concept level of any of the 3 configurations above
mentioned given the TLAR, and both, technological and design choices. Even though the models and
many design logics where changed and reviewed from the legacy FAST-CS25 type [1], the main
outline of the code organization for the conventional configuration is mainly the one showed in [1].

In FAST GA for conventional aircraft, the models for geometry, mass breakdown (except for the
wing mass explained in Section 2), performance and aerodynamics are mainly taken from [3], [5], [8],
and [9], some details regarding own aerodynamics model choices and developments for conventional
configuration are explained in Section 3.

More elaborated models were developed for the DEP aerodynamics effects as explained in Section
4. And finally, energy hybridization models, and its sizing logics are explained in Section 5. The main
code modules, information flow and loops are shown in figure 1, the modules and loops with star (*)
are the ones that were developed for the Hybrid energy configuration option exclusively.



The conventional configuration option of FAST GA was benchmarked successfully with the
Beechcraft 76 aircraft with less than 5% error in mass, geometry, take-off field, and fuel consumption
with a design mission of 12.000 ft. and 151 KTAS cruise altitude and speed respectively, a range of
780NM and payload of 395 Kg. The validation for the hybrid energy option is detailed in Section 5.
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Figure 1. FAST GA modules and main sizing loops logic (* for hybrid configuration).

2. Wing mass model for DEP

Firstly, only statistical models have been used in FAST GA to predict the mass of the wing, but the
addition of new features to the design, such as hybrid/electric distributed propulsion, makes it useless
and inaccurate. As a result, a detailed semi-analytical methodology has been developed to predict the
structural mass of the wing following the strength requirements in the CS-23.

2.1. Methodology

Regarding the model, the wing is assumed to be trapezoidal, with N engines distributed along the span
and divided into a primary and a secondary structure. The primary structure is modeled as a wing-box
composed of three structural elements (the main spar with I-section composed of two flanges and a
web, the skin and the ribs) and a miscellaneous or non-optimum weight to account the joints, cut-outs,
connections, etc. Moreover, it is assumed that each of these components is designed to support,
exclusively, one type of solicitation: the spar web withstands the shear force, the spar flanges support
the bending moment and the skin reacts the torsion moment. This hypothesis, allows a simplified
analytical estimation of their individual mass, based on E. Roux’s model [2]. For the computations it is
considered an elliptical distribution of the lift and the weight, including both the wing and the fuel
mass, as well as the punctual weight and trust of each engine which induces a great alleviation effect
on the bending moment. Then, the stress constraint ruled by certification requirements is applied in
and within the boundaries of the flight envelope, with the corresponding factor of safety, geometry and
material inputs. On the other hand, Torenbeek [3] states that the secondary structure (ailerons, flaps,
slats...) contributes around a 25% to the total mass of the wing. Thus, its weight will be empirically
obtained with this proportion.

In addition to the previous model, an advanced version has been developed for the latest aircraft
designs. Sui An [4] shows in her studies the impact of flutter on the wing mass when using distributed
propulsion and proves that the flutter constraint increases the optimum mass a 6-14 %. However, the
use of composite materials in general aviation allows lightening the structure a 10-15 % attending to
Raymer’s statistics [5]. Therefore, the new model will approximate such effects in the applicable cases
through a mean coefficient: 1.10 for flutter in DEP aircraft and 0.875 for composite materials when no
technical data is available about them.



2.2. Validation

The validation of the model is performed for two aircraft: the conventional double-engine Beechcraft
76 and the innovative X-57 Maxwell with DEP. In both cases it has been compared the statistical
estimation of Raymer with the developed semi-analytical approach. The results in table 1 confirm the
accuracy of the semi-analytical model for conventional aircraft designs with an extremely low error of
0.3 % with respect to the statistical value. The next step is to prove that the model is flexible enough to
adapt to the new trends, and in particular to DEP airplanes. Effectively, the semi-analytical advanced
model provides an optimum wing mass for the X-57 with a deviation of 0.7 % from the reference
value [6] and of 4.6 % without considering the empirical coefficients of flutter and composites. Still,
the semi-analytical model provides higher accuracy than the statistical one, which fails on the
estimation of the wing mass for innovative designs.

Table 1. Comparisons of different wing mass models for innovative and conventional aircrafts.

Beechcraft 76 X-57 Maxwell
Wing mass [Kg] Error [%] Wing mass [Kg] Error [%]
Semi-analytical 192.4 0.3 174.4 4.6
Semi-analytical advanced - - 167.8 0.7
Statistical 191.8 REFERENCE 126.8 23.9
Reference value [6] - - 166.7 REFERENCE

3. Conventional aerodynamics model

Legacy FAST-CS25 [1] models were reviewed and adapted to GA aircraft. An important development
was FastVLM, a Vortex Lattice wing solver written in Python. It provides the lift distribution and
induced drag in a faster and more integrated way. It was validated against AVL [7], also with flaps.

3.1. Drag polar

A simple parabolic model was implemented. Parasitic drag is calculated using a component build-up
method (flat plate analogy, with empirical form FF and interference IF factors taken from [8]).
Miscellaneous drag contributions are included in Cpgoer- The Oswald factor comes from FastVLM.

Co = Coo+Coi = —— i FE, IF, Swprs + C ¢ (1
D — “Do DL_Sref fi i iYweti DO other TAe L

Drag results are compared against data from Daher TBM 940, and from Roskam [9] of Cessna 310
and SAAB 340 aircraft. The obtained precision was satisfactory for preliminary design.

3.2. Lift curve
The lift curve of the complete aircraft is approximated by that of the wing alone. For flap deflections,
Roskam empirical methods [9] were chosen over FastVLM to account for different flap types.

The stalling point is calculated using xFoil [10] to get the Cp.x of the root and tip airfoils, and the
lift distribution from FastVLM to achieve a more accurate result of Cy ., and of where the stall begins.

3.3. Calculations of the horizontal tail
The lift coefficient at the horizontal tail and its derivative are needed for stability calculations, and in
its sizing method. VSPAero [11] is used here as it accounts for the effect of wing downwash.

4. DEP aerodynamics model
A new model was developed to calculate the aerodynamic effects of DEP. It is simple and
computationally cheap, which makes it ideal for FAST GA. It is based on Patterson’s work [12].



4.1. Lift increment

The core is the bidimensional lift increment caused by propeller slipstream. Two effects are
considered: the variation of the effective angle of attack, and the dynamic pressure increase. It is
calculated in equation (2) (which was derived for a symmetrical airfoil). The definition of the angles
(propeller incidence and angle of attack) is shown in figure 2. Unlike in [12], a, is set with respect to
the zero-lift line of the airfoil (accounting for high camber or flaps). Vp is the velocity induced by the
propeller, which is added vectorially to V., it is obtained using momentum theory, which is useful as it
only depends on the thrust coefficient (Tc = T (pV2D?)~1). Finally, B is a reduction factor to account
for the finite slipstream height, taken from a surrogate model in [12].
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Figure 2. Scheme of the airfoil lift increment and angle definitions from [12].

This result is extrapolated to estimate the wing lift variation as equation (3). For each rotor it takes
the local lift coefficient from the VLM code, to account for lift asymmetries like the flap deployment.
Other simplifications are a constant V,, along the chord, no stall, and no effect of tangential velocity.
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To compute the new Cy .y, it was assumed that the stalling angle remains constant. This is not true,
but the complexity of the flow makes it difficult to define a new stalling point. The fact that it is
conservative to leave the maximum angle unchanged leaded us to proceed this way.

4.2. Drag increment
Equation (4) shows the drag increment, which follows the same parabolic model as the conventional
FAST GA. There are three variations with respect to the unblown case:

e AC.’. The most important term, as lift increment are very high.

e Oswald factor (e). In general, propeller action degrades the spanwise lift distribution,
decreasing e. A parabolic evolution of e with respect to V|, was included. This approach was
suggested in [12] based on VSPAero [11] simulations.

e ACp. Velocity growth on the wing increases friction. This effect was included is small.

1 L (4)
— 2 _ 2
ACp = ACp, + —— (€, + ACL)* = ——C}

An additional factor can modify the Oswald factor e, a properly designed wingtip engine can
interact with the wingtip vortex and improve the efficiency, this is added as technological factor option

4.3. Pitching moment

As the C,, is computed at the wing aerodynamic centre, the main effect of DEP will be the dynamic
pressure increment, this increases the unblown coefficient, equation (5). The effect of the propeller
normal force was estimated, but it is much smaller.

Nrotors
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4.4. Validation of the model

Three test cases were analysed: a CFD simulation of the NASA X-57 [13], and two wind tunnel tests
[14] and [15]. Only the first analysis is presented, as it resembles more our desired configuration. It
corresponds with a landing phase, with a 40° flap deflection and high thrust on DEP rotors (Tc=0,611).
In table 2, the figures of “Un-blown” and “Ablow CFD” are the results from CFD simulations of the
wing with no thrust and the variation induced to the coefficients by the thrust ON respectively taken
from [13]. Then, “Ablow Model” are the results of the variation induced by the thrust from FAST GA
model described in this paper; finally, the “error” column shows the comparison of the final
coefficients results for the blown case of FAST GA model with respect to the blown case from [13].

Table 2. Validation results of DEP model (un-blown and Ablow-CFD data from [13]).

Cl Cd Cm

AoA | Un- Ablow Ablow Error | Un-  Ablow Ablow Error Un- Ablow Ablow Error
(®) | blown Model CFD (%) | blown Model CFD (%) | blown Model CFD (%)

1.68 3.00 2.88 4.17 | 0.11 0.31 0.32 -3.1 -0.40 -0.79 -0.82 3.7
1.87 3.28 3.21 2.2 0.12 0.35 0.38 -79 | 040 -0.78 -0.82 49
2.05 3.56 3.54 0.6 0.14 0.41 0.44 -6.8 -039 -0.76 -0.81 -6.2
2.24 3.83 3.83 0.1 0.16 0.47 0.50 -6.0 | -038 -0.73 -0.79 -7.6
242 4.11 4.18 -1.7 | 0.19 0.54 0.63 -143 | -038 -0.72 -0.78 -7.7
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The results are in general within the conceptual design tolerances, even though the wing has a high
camber and flap deflections. The model is therefore validated for the current purpose of FAST GA.

4.5. Implementation in FAST GA
The DEP methods calculate the increments of lift and drag. These depend on the flight condition (V,
Ao0A) and the power for each high lift engine. There are two possibilities:

e Known Cp (V2 speed, climb). There is a nonlinear relation between AoA and the lift caused by
DEP, while the total C is imposed. AoA is then solved iteratively. An additional iteration was
added for the optimal climbing calibrated speed, as the the DEP action modifies the L/D ratio.

o Known AoA (Takeoff). Here, C and AC, are computed directly.

DEP can be conceived as a high lift system, and it would be optimal to have it retracted during
cruise relying in wingtip propellers, this is the default configuration, but FAST GA is prepared to
include others, like using the distributed engines as the only source of thrust.

5. FAST GA for hybrid-electric aircraft sizing

This section deals with the adaptation of FAST GA to hybrid electric aircrafts and will develop the
models of the powertrain, the sizing of the energy sources and the results obtained on a test case for
Series Hybrid architecture.

5.1. Powertrain
The objective of the powertrain developed in this study is to be generic, meaning that any standard
hybrid architectures (parallel, series, turboelectric...) could be modelled by this single powertrain
skeleton. A diagram is presented in figure 3.
- On the left, the thermal engine can be chosen to be an Internal Combustion Engine (ICE) or a
Gas Turbine (GT) by the designer.
- Then on the right, there are the mechanical components, plus the gearbox in the centre (but it
was neglected here due to the focus made on Series Hybrid in the rest of the study).
- Finally, the rest represents the whole electrical chain, simplified to its core elements (Electric
Motor (EM), Converter, Battery & other components modelled by one efficiency) with



numerous first approximation assumptions: no electrical off-takes (for powering avionics for
instance) or voltage considerations, and the battery is equivalent to ‘energy in a box’ (no cell

architecture or voltage).
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Figure 3. Powertrain skeleton.

After the components diagram is established, some control parameters are required and adapted
from [16]. Some are real-time parameters which can vary during the mission analysis while others are
fixed for the whole design process. On top of the control parameters, we use 2 additional parameters
adapted from [16] & [17] to link the energy sources, the input and output Degree of Hybridization
(DoH). All parameters are summed up in table 3.

Table 3. Powertrain parameters.

Parameter Description Usage
0 = no batt h o .
Ogen, Batt = / 710 DAtLEry rechalse  potermine if the batteries can be charged or not fixed
1 = battery can be charged
— Fengine .
s gpr gpr(i Uzlf—(t) €/0,1]' Generator Power Rate (~ generator throttle) real-time
E engine,max
<
@] bpr  bpr(i tjzszt(t) efo1]’ Battery Power Rate (~ “electric’ throttle) real-time
att, max
Fren(®) 1 Generator Power Share, ratio of generator power .
HY=—,""€/0,1 N .
gps  gps(® Fengine() 01 converted to electric power real-time
.2 _ Paatt, max Input Degree of Hybridization, ratio of maximum fixed
% n Fpatt, max+ Fengine, max electrical power onboard with total max power
E‘ Bout Boue (0= P (D Output Degree of Hybridizgtion, ratio of output shaft real-time
P +P, (D power from EM onboard with total output shaft power
! Adapted from [16]
2 Adapted from [17]

The link between the hybrid architectures previously mentioned and the control parameters is
depicted in table 4. Indeed, the first ‘parameter’ chosen by the designer in the process is the
architecture he wants to size, and this decision fixes some of the powertrain parameters. All other
unfixed parameters then become design variables (the ‘*’ in table 4). A high number of variables

means a more complex architecture but consequently more freedom left to the designer.

Table 4. Link between hybrid architectures and powertrain parameters.

Architecture [OF8 Dour §ge,,, Batt gps
Parallel Hybrid * * 0 ove
Series Hybrid * 1ve 1 1ve
Series-Parallel partial Hybrid * * 1 *
Full Turboelectric 0 1vt 0 1vt
Partial Turboelectric 0 * 0 *




5.2. Mission analysis & Energy sources sizing loop
When the powertrain model is complete and integrated in the code, the second part of the study is
about the mission analysis module adaptation and the hybrid energy sources sizing.

Starting from here the study is focused only on a Series Hybrid architecture. Thus, for the designer,
the variables are: the architecture (Series here) and the input DoH @®;,, (used here to fix the generator
max power with regard to the battery max power).

As outlined in [17] the sizing of hybrid energy sources can only rely on a time step mission

analysis computation. This is required to compute both the total energy consumed by the EM and the
total energy generated by the generator. These energies are computed by time step integration during
the whole mission, taking into account the power used to charge the batteries at each time step.
The main parameter used to assess the progress of the energy sources sizing and to control the
charging strategy is the battery State Of Charge (SOC), mainly because it links both the energy
consumed, the energy generated and the battery energy capacity through the following relationship,
where Ey(t) corresponds to the energy consumed (resp. generated) until the point ¢ (time).

Econsumed ( 0 'Egenerated ( 0 (6)

EBattezy,MaX

SOC(t)=50C;,jsia-

Regarding the charging strategy, is kept very simple and could be upgraded to more refined level:
if SOC reaches 100%, turn the generator OFF and if it falls below 70%, turn the generator back ON.
The sizing loop that is added to all the other sizing loops runs at fixed geometry, and thus fixed mass
breakdown and aerodynamics as shown in figure 1. It loops on the mission analysis until the battery
SOC stays between 100% and a low-limit SOC,,,,(usually 20%) at any point of the flight. The
generator power is then fixed by the input DoH and updated at each iteration. When the loop finally
converges, the process goes back to a geometry & mass breakdown computation to take into account
the new battery & generator masses. The hybrid aircraft finally converges when the two following
conditions are fulfilled: OWE converged and energy sources converged. This energy sizing loop can
probably be optimized in the next versions of the code.

5.3. Test case

The resulting code adapted for hybrid electric aircraft is finally tested on TLARS of an existing
aircraft to compare the obtained results with real aircraft data. The test case chosen is the eGenius
Series Hybrid Aircraft from IFB Stuttgart whose data can be found in [18] (Hybrid, but not DEP case).
The results obtained are very promising for the mission: 300 NM @6500ft (+30 min reserve @3000ft)

Table 5. Resulting figures of the FAST GA for hybrid energy aircraft design.

Disciplinary field Description Relative error with eGenius in [18]
Geometry Wing area, Wingspan, Fuselage length <2%
Masses MTOW, OWE <7%
Energy Sources Battery mass, Generator max power <4%
Fuel consumed by the generator 15.8% more

It is worth to note that even though the fuel consumed is a bit superior to the real aircraft’s (19.7 kg
output of FAST GA, 17kg for the eGenius in [18]), the benefits of hybridization are still visible
compared to the conventional aircraft taken as example in [18], the Valentin Taifun II, which
consumes 37kg for the same mission.

6. Conclusions and future work

FAST GA for conventional configuration, hybrid energy, and hybrid energy DEP has been
successfully deployed. The code was successfully validated in the conventional and hybrid energy
options. A validation in the hybrid energy DEP option is yet to be done due to the lack of a real
existing case data, nevertheless the DEP aerodynamics model has been validated itself as shown in
Section 4.



FAST GA is currently being transferred to an open source version in FAST-OAD [19] architecture
which is the new generation of concept aircraft design tool developed by ONERA/ISAE-SUPAERO
that relies in the OpenMDAO frame for better modularity, solver efficiency and the feature of MDO.
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