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Distributed hybrid and electric propulsion systems are one of the most promising technologies to reduce aircraft
emissions, resulting in research efforts to investigate new architectures and the design of optimal energy management
strategies. This work defines the optimal requirements in terms of battery pack sizing and cell technology for a hybrid-
electric regional wing-mounted distributed propulsion aircraft through the application of a design space exploration
method. The propulsion system considered in this study is a series-parallel hybrid turboelectric power train with
distributed electric fans. A set of six lithium-ion battery cell technologies was identified and experimentally
characterized, including both commercially available and prototype cells at different combinations of specific
energy and power. A model of the aircraft was developed and used to define the optimal energy management
strategy for the hybrid turboelectric propulsion system, which was solved using dynamic programming. The design
space exploration was conducted by varying the cell technology and battery storage system size; and the effects on fuel
consumption, energy management strategy, and thermal management were compared.
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Subscripts
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BP = Dbattery pack

cell = cell

conv = converter

cool = cooling

e = operating empty aircraft
f = fuel

fan = fan

gen = generation or generator
inv = inverter

lim = limits

)4 = payload or parallel

r = required

rec = rectifier

s = series

tot = total

ts = turboshaft

I. Introduction

HE need for carbon dioxide (CO2) emissions reduction and

increasing fuel costs have been the main drivers for electrifica-
tion in the aerospace industry, leading to the research into many
different aspects related to electric aircraft design [1-4]. Several
electrified architectures have been proposed for the propulsion sys-
tem, ranging from fully electric to turboelectric and including dis-
tributed hybrid-electric propulsion systems [5-10]. In particular,
hybrid-electric aircraft propulsion systems can be classified as paral-
lel and series architectures. In the parallel hybrid configuration, the
turbofan engine is coupled to an electric motor and inverter, powered
by a battery pack. This requires fewer modifications to the conven-
tional aircraft than for the series architecture. In series hybrid con-
figurations, the propulsion is achieved by electric fans powered by
turbogenerators and batteries. This configuration, also called hybrid
turboelectric, requires a completely different architecture of the air-
craft and an increase of the number of components, which increase
the complexity and the weight. However, the series architecture
enables the use of distributed electric propulsion, which is achieved
by installing multiple electrically driven fans. Distributed propulsion
has been proven to reduce aerodynamic drag, increase the bypass and
pressure ratio of the propulsor, and reduce thrust specific fuel con-
sumption with respect to traditional engines. This technology can
potentially increase the system efficiency, modularity, and redun-
dancy at the cost of weight and complexity [11-14].

The electrification of the aircraft propulsion system may allow for
efficiency increases, which can reduce fuel consumption if the air-
craft, propulsion system, and control strategy are optimized for the
specific application [8,15-19]. However, it is important to note that
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several studies considered highly optimistic values for the cell spe-
cific energy. Hybrid propulsion systems can lead to an increase in the
overall weight and cost of the aircraft, requiring a careful design and
sizing of the system to compromise between upfront cost increase
and fuel reduction capabilities [20-23]. High specific power and
high-efficiency electric machines, generators, and inverters are key
technologies to enable hybrid-electric propulsion [24-27]. However,
as the specific power increases, the complexity in the extraction of the
generated heat requires advanced solutions for thermal management
[28-31]. For hybrid-electric power trains, the design, sizing, and
control of the battery energy storage system have relevant impact
on the performance and fuel consumption of the aircraft and have to
be determined for the specific application to achieve the aforemen-
tioned benefits [19,32,33]. Different sizing and selection of the
electric propulsion system will require different strategies for energy
management, and so it is important to include the control aspect in the
propulsion system design process.

The development of optimal energy management strategies for
hybrid propulsion systems has been largely studied in the past
decades for ground vehicles [34-37]. However, the aviation sector
appears more focused on the optimal sizing of the aircraft compo-
nents rather than on the control of the power split. For this reason,
many published design studies implemented strategies that assumed
a constant power split or simple heuristic algorithm, whereas other
studies attempted to divide the mission into smaller segments and
apply a constant power split to each segment [38]. The more recent
work done in Refs. [19,39,40] highlighted the correlation between
the control strategy and design of the propulsion system [41-—43].
Moreover, the importance of realistic battery models, calibrated
using experimental data, is becoming an important aspect of research
in the design and optimization of electrified propulsion systems.

Although different studies focused on the design and sizing of the
hybrid propulsion system [44—46], there were limited studies that
investigated the cooptimization of the propulsion system design and
control for a hybrid aircraft propulsion system. To this end, this work
presents a design optimization study for an electrified aircraft, which
illustrates how the selection of specific lithium-ion battery cell tech-
nologies affects the fuel consumption as well as the power and
thermal management strategy of the hybrid turboelectric propulsion
system over a range of missions. For this study, a design space
exploration is performed, which requires performing a cooptimiza-
tion of the battery pack design, the power split control strategy for the

hybrid propulsion system, and the thermal management strategy of
the battery pack.

Central to this work is the use of experimental data collected on six
different cell technologies, covering both commercially available
lithium-ion cells and next-generation technologies, characterized
by different tradeoffs between specific power and specific energy.
The design space exploration is performed for three different mission
profiles of different lengths, ranging from 550 to 1850 km.

The study analyzes the interdependence of the control strategy and
the thermal management strategy with the cell technology selection
and design of the battery pack. In addition, this work provides
insights on the fuel savings and system performance achievable
by adopting different lithium-ion cell technologies, which can
guide the design and sizing of high-efficiency and low-emission
hybrid-electric aircrafts. The developed modeling approach and the
provided results can be extended to different power train and airframe
architectures.

The paper is organized as follows: Sec. Il reports the description of
the aircraft architecture; Sec. III describes the mathematical model
used to perform this research; Sec. IV includes the details of the
design space exploration method, including the definition of the
optimal control problem for the energy management strategy; and
lastly, Sec. V reports the results and discussions.

II. Aircraft Architecture

A series-parallel hybrid-electric architecture with distributed pro-
pulsion for a regional commercial jet is considered in this work, as
shown in Fig. 1. The main propulsive thrust is generated by eight
fans, with each coupled to an electric motor and an inverter. The
power provided to the electric motors is generated by two turboshaft
engines, with each including a free power turbine (FPT) coupled to a
generator and a rectifier; and by a battery energy storage system
(BESS), which includes the battery pack, a dc/dc converter, a battery
management system, and a thermal management system (TMS). The
turboshafts, in addition to producing electrical power, produce
residual thrust.

The design of the baseline architecture and the component sizing
was developed at Georgia Institute of Technology and described in
Refs. [47,48]. The aircraft has been designed and sized as a pure
turboelectric configuration for a design mission of 3660 km, 76
passengers, and a maximum takeoff mass myrow of 33,991 kg. This
study is performed on the hybrid turboelectric configuration, which is

ac
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Fig. 1 Schematic of series-parallel hybrid turboelectric propulsion system architecture. Adapted from Ref. [19]. EF denotes electric fan, GB denotes

gearbox, TG denotes turbogenerator, and 3ph denotes three-phase motor.
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possible for shorter-range mission profiles when the aircraft mass
does not reach the mypow. The hybrid configuration is obtained by
adding reconfigurable battery modules to the floor of the aircraft. The
battery TMS extracts bleed air from the turboshaft engines and directs
it to the battery for cooling purposes. More details of the TMS can be
found in Ref. [49].

III. Model Description

Figure 2 shows a block diagram of the aircraft propulsion system
model. The model inputs are the mission profile, which provides the
operating conditions (altitude # and Mach number M) of the aircraft
at each instant of time; and the control inputs [the engine low
compressor corrected rotational speed ratio N and the cooling ratio
(CR)] calculated by the energy management strategy. Because of the
considered architecture, N; controls the power generation at the
turboshafts and indirectly controls the power split between the engine
and the BESS power, whereas the CR controls the amount of cooling
power directed to the battery. The outputs of the model are the power
and thrust produced, the battery operating conditions (power, state
of charge, current, voltage, and temperature), and the fuel burn. The
model developed in MATLAB integrates a vehicle airframe model,
which computes the thrust required to follow the desired mission
profile; a model of the electric fans, which provides the main thrust
for propulsion; a model of the turbogenerator, which converts the fuel
energy into electrical energy for propulsion and produces residual
thrust; and the BESS model, which calculates the electrical and
thermal behavior. The model equations, developed in Ref. [19], are
here summarized for clarity. The system and component parameters
values used in the equations are summarized in Table Al in the
Appendix.

A. Vehicle Airframe

The vehicle airframe model takes as inputs # and M and calculates
the thrust request F,. Initially, the model calculates the total mass of
the aircraft m,:

where m, is the operating empty mass of the aircraft, m, is the
payload, mpggs is the mass of the BESS, and mi is the fuel mass.
In this work, m, and m,, are assumed to not change during the
mission and have been set to a constant value determined in
Ref. [47]. The fuel mass changes during the flight as the fuel is
burned, whereas the BESS size is one of the parameters investigated
in the design space exploration. The combined mass of the fuel and
the BESS is limited to 7100 kg, which is defined by the maximum
takeoff weight myrow [47]. F, is calculated by applying a force
balance in the longitudinal and vertical directions, for which a small
angle of attack is assumed [19]. The model and assumption chosen
for the calculation result in

F, =m,vy +m,gsiny + D 3)

where v is speed of the aircraft, g is the gravitational acceleration, y is
the flight-path angle between the aircraft longitudinal axis and the
horizon, and D is the drag force, which is calculated using a three-
dimensional map of the drag coefficient. The drag coefficient map is a
function of i, M, and the lift coefficient and does not depend on thrust
settings. The maps are extracted from a high-fidelity model of the
aircraft developed with the software NPSS [47,50]. Assuming quasi-
static conditions, the thrust required equals the thrust produced by the
fans and the residual thrust produced by the turboshafts:

F,=Fy = Frc + Fgr 4

where F is the total thrust production, F1g is the turbogenerator
residual thrust, and Fgg is the electric fan thrust.

B. Turbogenerator

The turbogenerator model includes the turboshaft engine, the
generator coupled to the FPT of the turboshaft, and the rectifier.
The turboshaft data are extracted from the high-fidelity model
described in Ref. [47]. The turboshaft model is based on three-
dimensional maps; the dependent variables are the electrical power

m, =m, + m, + mggss + m; 6)) Prg, the residual thrust Fpg, and the fuf_:l mass flow rate 7y, ;
whereas the independent variables are N, &, and M. The turboshaft
assuming model also provides the BESS cooling power Q.. as bleed air
extracted from the high-pressure compressor and redirected to the
dm, _ dmy ) battery pack. The cooling power is computed from the CR, namely, as
dt dt a fraction of the total turboshaft power produced:
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Fig. 2 Diagram of the model architecture of the series-parallel hybrid turboelectric propulsion system architecture.
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G

Qcool = (CR) Z Pts,- (5)
i=0

where nrg is the number of turbogenerators, and P is the power of
the single turboshaft engine. The generator and rectifier are modeled
as constant efficiency components with, respectively, 97.5 and
98.3% efficiencies [47,51,52]. The total residual thrust Fyg, the total
turbogenerator power Prg, and the total fuel mass flow rate i1y,  are
given by

nrG

rh.f'ot zszx(ﬁ’M’Nl) (6)
i=0
nrg _

Fig =) Fi(h.M,N)) ™
i=0

and
nrG _
PTG = Z Ptsi (h’ M, Ivl)(1 - CR)"/genﬂrec (8)

i=0

Note that the maps used in the model already account for the operat-
ing constraints as functions of the independent variables, whereas the
limits on the CR are determined by the maximum bleed air mass flow
rate [49]. This limits the CR to a maximum of 5%.

C. Electric Fan

The electric fan model calculates the thrust produced Fgg and the
power absorbed Pgp by assuming constant efficiencies of 97.5% for
the electric motor and 98.3% for the inverter [47,51,52]:

NEF

Fgp = Z Fian, (h, M, y) ©)
=0

Ngg

Pgr = Z Pfan’ (/’;, M, 7-']~:M)"IEM’7inv 10
i=0

where 7g); and 77gy are the electric motor torque and efficiency; #;,, 1S
the inverter efficiency; ngp is the number of electric fans; and F'g,, and
Py,, are the fan thrust and power, implemented as maps extracted
from the high-fidelity model developed in NPSS [47,51,52]. The fan
operating constraints are accounted for in the maps as functions of 4,
M, and t;; whereas the motor and inverter constraints correspond to
design values. The system and component parameters are listed in
Table A1 in the Appendix.

D. Battery Energy Storage System

The BESS modelincludes the dc/dc converter and the battery pack.
The BESS power request Pggss and the BESS cooling power Q.
are inputs to the model. The BESS power request is obtained from a
power balance at the dc link:

Pggss = Pgr — P1g (11)

The dc/dc converter is modeled with a constant efficiency (98.3%)
and the cell behavior is assumed equal in all cells, which results in the
calculation of cell power P :

Pep _ Ppess 1

p npng Neonv Mpls (12)
cell =

PBP _ PBESS”conv .

_— =, lfPBESS<O

npng npng

where n,, is the number of cells in parallel, and 7, the number of cells
in series [19]. A zeroth-order equivalent circuit model (ECM) has

been selected to represent the behavior of the cell and to predict the
voltage (in volts), the state of charge (SOC), and the heat generation
Q‘gen of the battery by considering the power request and the temper-
ature. The ECM used in this work is described by the following
equations:

; _ OCV(SOC, Tp) - VOCV2(SOC, Tp) — 4RP;

2R(SOC, Tgp) (13)
V = OCV(SOC, Tgp) — R(SOC, Tgp)I (14)
Ogen = (OCV(SOC, Tip) — V)1 (15)
soC=—_" (16)

Cuom

where OCV is the open-circuit voltage, R is the internal resistance,
Cpom 1s the nominal capacity, and T'gp the battery pack temperature
[19]. The OCV and R maps have been determined experimentally and
will be described in Sec. IV.A. The thermal model of the battery pack,
assumed to be a lumped volume, calculates the temperature Tgp as
follows:

dT . .
mgpCpp TBP = n,n; Qgen - Qcool (17)

where mgp is the mass of the battery pack, and cgp is the heat capacity

of the battery pack. The Q. is assumed to not depend on the cooling
air temperature because it is calculated as a fraction of the turbogen-
erator power; see Eq. (5).

The model includes battery operation constraints, such as the SOC,
Tgp, V, I, and power limits; the latter is a function of the SOC and
Tgp. The cell constraints are listed in Sec. IV. Note that in this work,
the cell-to-cell parameter variations have been ignored and the cell
temperature is uniform, thanks to the TMS [53].

One additional output calculated by the full model is the total
conversion efficiency:

Z:E% Pfan,- P >0
LHV ZZZG() rhfi + n/znxPcell cell =
Mot = g (18)
Zi:() Pfan, - npn.vPcell P 0
LHV Z?;% rhfi cell <

where LHV is the lower heating value of the jet fuel (43.1 MJ/kg).
This output is important to evaluate the system-level performance and
behavior.

E. Model Validation

The model in the turboelectric configuration (without the BESS)
was validated against a high-fidelity model of the aircraft [47]. The
error on cumulative fuel burn over a 550 km mission profile is 0.88%
and increases to 3.67% for the 1850 km mission because the variable
is given by the integration of the fuel mass flow rate. Other variables
were verified against the high-fidelity model, such as the FPT power,
the fan power, and thrust with the root mean squares of the error of
0.03, 0.07, and 0.05%, respectively [19].

IV. Design Space Exploration

The goal of the design space exploration (DSE) is to investigate the
effects of the battery pack design on the fuel burn and on the optimal
control strategy over different mission profile lengths. The airframe
and turbomachinery considered in this study are designed and sized
for the nominal mission of 1980 n miles and a total maximum takeoff
weight of 33,991 kg for the case of pure turboelectricity (no bat-
teries), as described in Ref. [47]. The hybrid configuration is here
considered for shorter missions, when the maximum takeoff weight is
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not reached and reconfigurable battery modules can be introduced to
the floor of the aircraft. For this DSE, the airframe design is con-
strained and only the BESS size and cell chemistry are varied. Differ-
ent mission profiles are then evaluated.

In addition, to evaluate the effect of battery temperature and cool-
ing, the simulations are run by considering at first a constant battery
temperature and then introducing a variable temperature. In the
design exploration study, the battery total voltage is fixed by the
maximum operating voltage of the bus (2 kV), which determines
(with the cell chemistry) the number of cells in series in the battery
pack. One variable considered in the DSE is the BESS mass because it
directly affects the operation of the aircraft. The number of cells in
parallel is then determined based on the dc bus voltage and the mpggs
and mc. The packaging factor f, is introduced to account for the
additional weight resulting from the connectors, wiring, thermal
management, and enclosures:

MBESS = mcellnpnsfp + Meony (19)
where the f, is assumed to be 1.25. The other variable considered in
this study is the cell chemistry, which affects the specific power and
energy of the BESS and, ultimately, the total energy carried on board.
The DSE is conducted for three different missions to evaluate how the
traveling distance affects the design and performance of the BESS.
The BESS size is varied between 1000 kg and a maximum value
determined by myrow, as described in Sec. III.A, whereas the cell
characteristics and mission profiles are described in the following
subsections. The maximum BESS mass is 5750 kg for mission A,
5000 kg for mission B, and 4000 kg for mission C.

The outputs of the study, which will be analyzed in the following
sections, are the fuel burn, the optimal control strategy, the cooling
power and efficiency, and the fuel savings. The fuel savings are
calculated using the fuel burn of the equivalent fully turboelectric
propulsion configuration. The reference aircraft is described in
Sec. II, with the difference that, in the fully turboelectric configura-
tion, the battery is not present [47]. The study consider savings only
in terms of fuel burn. However, a fleet analysis that focuses on energy
savings for the same aircraft was described in Ref. [54].

A. Cell Selection

The cells selected for the study are summarized in Table 1 and
referred to as cells 1-6, respectively. All cells have been charac-
terized experimentally at The Ohio State University; and the battery
ECM [Egs. (13-16)] was calibrated to the data collected. Cells 1-3
are commercially available, whereas cells 4—6 have a technology
readiness levels (TRLs) below four and are only available as pro-
totypes. Different than for parallel hybrid systems, which require
high specific power cells, the series-parallel configuration is
expected to achieve higher benefits with batteries having a higher
specific energy [10]. For this reason, the cells were selected to cover

different combinations of specific energy and power by considering
a minimum specific energy of 200 (W -h)/kg. Cell selection
ranges from a higher specific power cell (cell 1) to a high specific
energy cell (cell 6).

The commercially available candidates were selected from an
initial set of candidate technologies based on conducting multirate
static and dynamic tests, as well as by comparing their performances.
These cells were then put through the same tests at multiple temper-
atures to complete the characterization process. Cells 1-3 provided
the lowest cell-to-cell variation. Having low TRLs, cells 4-6 were
limited to room-temperature testing, with relatively low C-rate static
and dynamic tests. As an example of the data used in the model, the
full characterization of cell 1 is shown in Fig. 3. The voltage, current,
and temperature limits are provided by the manufacturer; whereas the
power limits are calculated using the voltage limits specified by the
manufacturer. The cell heat capacity was experimentally derived at
the cell level, whereas the value at the pack level was found in the
literature for a battery pack made of cylindrical cells [49]. Additional
details on the model can be found in Ref. [19].

B. Mission Profiles

The missions used in the design space exploration include ranges
of approximately 550, 1100, and 1850 km; and they are denoted as
missions A, B, and C, respectively. All missions are characterized by
a 0.8 Mach number and a 9100 m altitude during cruise, and they are
shown in Fig. 4. These mission profiles have been determined during
the sizing of the aircraft and were described in Ref. [47]. The profiles
do not explicitly include takeoff or landing rolls but, rather, begin in
initial climb and end in approach. This approach is followed because
the takeoff and the landing rolls do not dramatically affect the control
strategy (maximum engine power during climb and engine at idle
during landing).

C. Energy Management Strategy

The design space exploration of a hybrid power train requires
assumptions on the energy management strategy. According to
Refs. [36,55], this problem may be approached by formulating a
nonlinear discrete optimal control problem and solving it via
dynamic programming (DP) on a prescribed mission. DP was chosen
because it provides the global optimal solution to the problem by
evaluating all the feasible cases, even if it requires high computation
power. The energy management strategy (EMS) aims at optimizing
the following objective function:

N
J= Z 1t g tot, (Xies Uge) (20)
=0

where u; = [N, CR;]. The problem is subject to the following state
dynamics:

Table1 Summary of cell manufacturer parameters and experimental characterization data
Cell

1 2 3 4 5 6
Manufacturer Sony Kokam Efest OXIS Zenlabs OXIS
Model US18650VTC6 SLPB065070180 IMR18650 POA000343 Glide POA000412
Format Cylinder Pouch Cylinder Pouch Pouch Pouch
Chemistry NMC H-NMC LMO Li-S Si Li-S
Mass, g 47 173 47 140 131 85
Nominal capacity, Ah 3.0 12.0 3.5 19.5 12.7 16.0
Nominal voltage, V 3.6 3.7 3.7 2.15 3.7 2.15
Maximum voltage, V 4.2 4.2 4.2 2.6 4.47 2.6
Minimum voltage, V 2.5 2.7 2.5 1.9 2.5 1.9
Cont. dch. Rate, C-rate 5 2 2.85 3 1 1
Cont. ch. rate, C rate 1 1 1.14 0.2 1 0.2
Specific energy, (W - h)/kg 232 257 278 299 359 405
Specific power, W/kg 1159 513 794 898 359 405
Heat capacity (cell), J/(kg - K) 1198 878 1198 878 878 878
Heat capacity (pack), J/(kg - K) 1300 953 1300 953 953 953
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where At is 5 s. The problem is also subject to state and input

constraints:

Note that, whereas N and the CR do not directly appear in Egs. (20)
and (21), they are present in the other model equations, such as
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Egs. (5) and (8). In addition, engine and fan feasible operating
conditions and motor and power electronics and battery limitations
are taken into account in the optimal control problem. The initial
value of the SOC is 95%, which represent a fully charged battery; and
the initial value of Tgp is 23°C for all simulations. Note that in
Egs. (20) and (21), it is assumed that the total mass in the aircraft,
which decreases during the mission, is not considered as a state. For
the purpose of solving the optimal control problem, this assumption
is consistent with the analysis shown in Ref. [19], which indicates a
less than 0.5% error on the fuel burn. On the other hand, fuel mass
affects the thrust request calculation, and therefore the performance
of the aircraft. For this reason, an iterative process was adopted to
estimate the initial value of the fuel mass and correct the results of the
optimization [19].

To separate the effects of the SOC and the temperature on the EMS,
the analysis focuses at first on simulations obtained with a constant
battery temperature (Tgp = 23°C) and cooling ratio (CR = 0%), and
then on the comparison of results obtained with constant and variable
battery temperatures and cooling ratios. Figure 5 shows the system
and battery pack parameters for the different cell chemistries, which
were obtained with a constant temperature over mission A. The high
specific power and high-power limits of cell 1 allow for a different
energy management strategy as compared to other cells. During
climb, the battery power extracted is lower and the engine is used
at higher-power levels, which increase the engine and system effi-
ciency. When the mission profile switches to cruise and the power
setting and efficiency decrease, the battery pack power increases to a
high value to increase the efficiency of the system. Given that cell 1 is
a lower specific energy cell as compared to the other cells, the high-
power operation is maintained for a short time during cruise to avoid
depleting the battery at the beginning of cruise. The lower power

limits of cells 2 to 4 do not allow for this strategy, and hence the
battery power extracted from the battery is approximately constant
during the cruise phase. The behavior of cells 5 and 6 is similar to
cells 2 to 4, with the exception that the 1 C current limits, as shown in
Table 1, do not allow us to fully discharge the battery.

The introduction of the temperature and cooling ratio in the
optimization affects the control strategy differently for different
battery pack designs. It has been verified that considering a variable
temperature does not affect the control strategy, in terms of battery
electrical power, for cells 2 to 6; whereas it does affect the control
strategy when considering cell 1. Figure 6 compares the values of the
battery power, heat generation, cooling power, SOC, and temperature
of the battery pack obtained in one case (blue lines) by setting the
temperature and cooling ratio as constant in another case (orange
lines) by optimizing the cooling ratio and tracking the temperature for
cell 1 on the mission profile A. In the simulation with constant
temperature, the battery pack is used at peak power in the initial
phase of cruise to extract as much power as possible at high effi-
ciency. In the simulation with a variable temperature, this behavior is
not optimal. When the battery pack is discharged at high power, the
heat generation increases. If the simulation includes the temperature,
the benefit of high efficiency does not outweigh the penalty for
cooling the battery; therefore, the energy management strategy
changes. In this case, the battery pack is used more during climb
and the power is approximately constant during cruise. Figure 6 also
shows the thermal management strategy for the battery: the controller
allows the battery temperature to rise to operate in a higher-efficiency
range (battery resistance decreases with temperature); and when the
temperature reaches the maximum value, the controller modulates
the cooling power in a cyclic manner to keep the temperature of the
battery below the maximum value.
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Fig. 5 Optimized system and battery pack performance throughout mission A with BESS size of 5750 kg (T'gp = 23°C and CR = 0%).
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Fig. 6 Optimized system and battery pack performance for cell 1 throughout mission A with BESS size of 5750 kg.

V. Results

The results show the effect of the DSE variables (battery pack
design and mission profile) on fuel burn and fuel savings by consid-
ering constant temperature at first and then later on evaluating the
effect of a variable temperature on fuel savings. The total number of
cases for the DSE is 160 by considering three mission profiles, six cell
chemistries, and up to seven battery pack size options. For the
variable temperature analysis, only four cells (1, 2, 3, and 5) were
considered because cells 4 and 6 could not be characterized exper-
imentally at various temperatures because of their low TRLs. Figure 7
shows how the segment and overall fuel savings vary between differ-
ent cell selections in missions A, B, and C with BESS sizes of 5750,
5000, and 4000 kg, respectively. This represents the maximum
allowed size for each mission profile. All cells offer similar fuel
savings in descent because of the low-power request from the electric
fans. During climb and cruise, the fuel savings generally increase
with specific energy, except for cells 5 and 6 on mission A. This
limitation is given by the low current limits of these high specific
energy cells. The current limits prevent the battery from discharging
completely, reducing the fuel savings in both climb and cruise, as well
as overall. When using cells with high specific power, the battery is
capable of providing the majority of the electric fan power sooner in
the descent segment, resulting in slightly higher fuel savings. On the

other hand, it performs relatively poorly in climb and cruise because it
reserves energy for descent and starts the mission with relatively low
energy. In fact, the 5750 kg BESS comprising cell 1 is capable of
9.43 MW of power output versus 1.94 MW for a BESS comprising
cell 6, butithas 0.94 MW - h of available energy versus 1.55 MW - h
for a BESS comprising cell 6. In addition, high specific power cells
are penalized by the need for a higher-power dc/dc converter, which
limits the available mass for the cells, as demonstrated in Eq. (19).

With increasing mission range, battery use shifts toward the cruise
and descent segments. Increasing the mission range primarily
increases cruise duration, range, and consequently fuel consumption.
Fuel savings are higher for cells 5 and 6 with increasing range as
compared to the other cells because the discharge current limit no
longer inhibits the battery from being fully discharged. Otherwise, as
the range increases, fuel consumption increases; likewise, savings
decrease because the overall energy expenditure begins to exceed the
energy storage capability of the battery pack.

The spider charts presented in Fig. 8 compare the aggregate data
for all cells and missions, with the BESS sized optimally for each
case. As the mission range and baseline fuel consumption increase,
the maximum allowable BESS size is reduced, regardless of cell
selection. Thus, for all cells, the BESS size decreases with increasing
range. Cells 3-6 have sufficient system-level specific energy to be
sized at the maximum allowable size across all missions. The optimal
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Fig.7 Fuel burn reduction, relative to baseline nonhybrid system, as a function of cell, range, and segment for maximum allowable BESS size in each
mission (Tgp = 23°C and CR = 0%) [47]. Figure data can be found in Table A3 in Appendix.

BESS size for mission C reduces progressively from cell 3 to cell 1 as
the specific energy decreases. Generally, the fuel savings decrease
with increasing mission range because the overall energy expenditure
increases and energy storage capability decreases. Practically, the
fuel savings are a function of the capacity removed from the battery,
and the capacity is dependent on the sizing and specific energy.
Lower specific energy results in lower energy stored for the same
BESS size; and the dc/dc converter sizing compounds this effect
because specific power generally increases with decreasing specific
energy. In mission A, the battery packs using cells 4 and 6 have more
installed capacity than those for missions B and C. However, current
limits prevent the full capacity from being removed. These are the
only instances where the energy extracted is not proportional to the
BESS size.

Excluding current-limited cells, when comparing different cell
chemistries for a battery pack of the same size on the same mission
profile, the mean discharge power increases with increasing specific
energy simply because more energy must be discharged in the same
duration. Furthermore, the mean discharge rate is practically the same
for every cell for a given mission. This is primarily due to the
smoothness of the mission profiles. If the profile contained large
variations in thrust request corresponding to steps in altitude changes,
the battery pack would be discharged in pulses at differing magnitude
and duration corresponding to the power capability of the battery
pack. The mean heat generation is a function of mean discharge
power (and charge power, which is negligible), cell internal resis-
tance, and pack architecture. Cells 1 and 2 have equivalent mean
discharge power and heat generation, whereas cell 2 exhibits one-
third the internal resistance and has four times the capacity of cell 1.

The peak discharge power, discharge rate, and heat generation are
most influenced by cell parameters and BESS size, otherwise having
no dependence on mission range. The cell with the highest power and
current limits (by unit mass), which is cell 1, exhibits the highest peak
power and rate. Current and power limits can vary somewhat inde-
pendently such that the relative scale of the peak discharge rate and
power vary accordingly. Generally, these both decrease with increas-
ing specific energy, whereas peak heat generation is additionally
governed by internal resistance and voltage range.

Considering the same mission and BESS size, generally, fuel
savings increase with the increase of cell specific energy. This
assumes that cell limitations do not impair the BESS for a significant
portion of the mission and neglect any differences in packaging
efficiency between cells of different form factors. For example, Fig. 9
shows the two most energy-dense cells suffer in performance in
mission A because the durations of the mission and current limits
prevent the battery from being fully discharged, whereas a cell with a
specific power three times the specific energy provides higher bene-
fits. In fact, shorter-range missions require highly power-dense cells,
or cells with higher allowable discharge current. Still, increasing the
size of the BESS using cells 5 and 6, along with all other cells, reduces
fuel consumption because of relatively low overall energy use. For
longer-range missions, the fuel savings decrease dramatically to a
value between 0 and 2% for mission C. These solutions may not be
considered attractive for industry applications.

Cell 4 provides the best benefits for mission A and cell 6 for
missions B and C. It is important to note that these cells are proto-
types, and are therefore not commercially available. This impacts the
cost, availability, and safety of the cells, which have to be taken into
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Fig.8 Comparison of key BESS performance metrics for every combination of cell and BESS sizing that minimizes fuel consumption in each mission
(T'gp = 23°C and CR = 0%). Figure data can be found in Table A3 in Appendix.

consideration during the feasibility study for the aircraft. For exam-
ple, for mission A, it might be more convenient from a cost perspec-
tive to select cell 3 instead of cell 4, reducing the fuel savings by less
than 2% but moving to a commercially available cell.

The effects of tracking the temperature and controlling the cooling
power are negligible on longer mission profiles because the average
battery power levels are lower, reducing the heat generation in the
battery pack, but this is relevant in the shortest mission profile
(mission A). Figure 10 shows the fuel savings for four different cell
chemistries. Generally, the introduction of battery cooling increases

the fuel burn, reducing the fuel savings. However, for cell 2 in the case
of the smallest battery pack size, the introduction of tracking the
temperature and controlling the cooling power provide a benefit: the
heat generation for the smaller battery pack is lower and the EMS can
take advantage of operating the battery in higher-efficiency condi-
tions. The difference between fuel savings with constant and variable
temperatures is determined by the amount of heat generated by the
battery. For batteries with low heat generation, such as cell 1, the
differences are negligible; whereas for batteries with high heat gen-
eration, such as cells 3 and 5, they are not. In these conditions, the
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Fig. 10 Comparison of total fuel savings obtained with constant (const) battery temperature vs variable (var) battery temperature.

battery has to be cooled to operate in the temperature limits, guaran-
teeing correct operation of the battery and reducing degradation due
to high-temperature operation.

VI. Conclusions

The dependencies of fuel burn and energy management on cell
characteristics, BESS sizing, and mission range were evaluated. Six
cell models (three state-of-the-art and three future technologies),
discrete BESS masses (up to the maximum mass), and three mission
ranges (ranges between 550 and 1850 km) were considered. The
results of the study indicate the interdependence of the power split
control strategy and thermal management strategy with the cell
technology selection and design of the battery pack. As expected,
fuel savings increase with decreasing mission range or increasing
BESS size, with one exception for batteries with relatively low
specific energy. Furthermore, fuel savings increase as the cell specific
energy increases, unless the battery pack is current limited and in a
short-duration mission. In descent, the engine control most signifi-
cantly deviates from the baseline because of the low-power operation.
Otherwise, the power split is relatively constant in climb and cruise.
With increasing mission range, a larger percent of stored energy is
used in cruise; and the mean discharge power, mean discharge rate,
and mean heat generation decrease. Similar trends are observed with
decreasing the BESS size. Additionally, the peak discharge power,
peak discharge rate, and peak heat generation decrease. Overall, the
highest fuel savings for shorter mission ranges are obtained with high

specific power cells combined with a specific energy above
250 (W - h)/kg; whereas on longer missions, a high specific energy
cell provides the best benefits.

Introducing the temperature as a state and the cooling ratio as a
control input in the optimization has an effect on both the optimal
energy management strategy and the fuel burn. For high specific
power cells, such as cell 1, the profile of the power extracted from the
battery is smoother, with no drastic changes in power levels, because
high power generates high heat, which then needs to be dissipated.
For more balanced cells, from an energy and specific power perspec-
tive, the power profile is less affected by the introduction of the
temperature in the optimization. Fuel savings are affected by the
cooling power in the case of high heat generation, which is influenced
by the cell chemistry and by the length of the mission profile. For
longer mission profiles, the effects of the temperature and battery
cooling are negligible.

Appendix: System Parameters and Numerical Results

Table A1 lists the values of the parameters used in the simulations.
The data come from the work described in Refs. [47,48,51].

Table A2 list the values of the fuel savings for all cells and mission,
which are divided into the three mission segments and shown
in Fig. 7.

Table A3 lists the values of the battery variables for all cells and
missions, which are shown in Fig. 8.
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Table A1  System and component parameter values Acknowledgment
Parameter Description Measurement unit ~ Value The authors thank the NASA University Led Initiative program
Vehicle titled “Electric Propulsion: Challenges and Opportunities” for spon-
- Maximum mass for takeoff kg 34,000 soring this research (grant: NNX17AJ92A).
m, Mass of empty aircraft and crew kg 23,200
m, Payload mass kg 3,700
Electric fan References
Pesey Motor design power MW 2.1 [1] Lee, D. S., Pitari, G., Grewe, V., Gierens, K., Penner, J. E., Petzold, A.,
NEM Motor efficiency % 97.5 Prather, M. J., Schumann, U., Bais, A., Berntsen, T., Iachetti, D., Lim,
Niny Inverter efficiency % 08.3 L. L., and Sausen, R., “Transport Impacts on Atmosphere and Climate:
Aviation,” Atmospheric Environment, Vol. 44, No. 37, 2010, pp. 4678—
Turbogenerator 4734.
Pues,, Generator design power Mw 4.5 https://doi.org/10.1016/j.atmosenv.2009.06.005
Ngen Generator efficiency % 97.5 [2] Yim, S. H.L., Lee, G. L., Lee, I. H., Allroggen, F., Ashok, A., Caiazzo,
: : F, Eastham, S. D., Malina, R., and Barrett, S. R. H., “Global, Regional
R 1 f‘ ﬁ' ly 8.3 ) 3 ) ] ) ] s )
hrec ectihier e 1.c1ency ‘ o and Local Health Impacts of Civil Aviation Emissions,” Environmental
LRV Fuel lower heating value Ml/kg 43.1 Research Letters, Vol. 10, No. 3, 2015, Paper 034001.
BESS https://doi.org/10.1088/1748-9326/10/3/034001
Neonv Dc/dc converter efficiency % 98.3 [3] Grobler, C., Wolfe, P.J., Dasadhikari, K., Dedoussi, I. C., Allroggen, F.,

Table A2 Fuel savings for each mission segment represented in Fig. 7

Speth, R. L., Eastham, S. D., Agarwal, A., Staples, M. D., Sabnis, J., and
Barrett, S. R. H., “Marginal Climate and Air Quality Costs of Aviation
Emissions,” Environmental Research Letters, Vol. 14, No. 11, 2019,
Paper 114031.

https://doi.org/10.1088/1748-9326/ab4942

- - [4] Epstein, A. H., and O’Flarity, S. M., “Considerations for Reducing
Climb Cruise Descent Overall Aviation’s CO2 with Aircraft Electric Propulsion,” Journal of Propul-
Mission Cell kg % kg % kg % kg % sion and Power, Vol. 35, No. 3, 2019, pp. 572-582.
https://doi.org/10.2514/1.B37015
A 1 -0.2 . 45. .02 27. . 73. .61
0 0.03 .9 60 9 365 3396 [5] Rosero, J. A., Ortega, J. A., Aldabas, E., and Romeral, L., “Moving
2 35 046 520 681 272 357 823 10.79 Towards a More Electric Aircraft,” IEEE Aerospace and Electronic
3 86 1.13 532 697 279 366 893 11.70 Systems Magazine, Vol. 22, No. 3, 2007, pp. 3-9.
4 82 108 637 834 280 3.67 994 13.02 https://doi.org/10.1109/MAES.2007.340500
5 —-9.6 —126 343 449 264 346 507 6.65 [6] Sarlioglu, B., and Morris, C. T., “More Electric Aircraft: Review,
6 —62 -0.81 348 455 266 349 549 7.19 Challenges, and Opportunities for Commercial Transport Aircraft,”
B 1 272 —188 248 172 515 356 491 3.40 ;l(f)ll?g ngzacgions on Transportation Electrification, Vol. 1, No. 1,
> pp. 54-04.
2 -239 -165 356 247 468 324 587 4.06 https://doi.org/10.1109/TTE.2015.2426499
3 -21.8 —-1.51 410 2384 478 331 669 4.63 [7]1 Wheeler, P., and Bozhko, S., “The More Electric Aircraft: Technology
4 —186 —-129 446 3.09 499 346 759 525 and Challenges,” IEEE Electrification Magazine, Vol. 2, No. 4, 2014,
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Table A3  Battery maximum and mean operating conditions, shown in Fig. 8 data

Fuel Energy out,  Average discharge  Average Average heat Peak discharge Peak Peak heat BESS

Cell Mission saving, % kW -h power, kW Cr,C generation, kW power, kW Cr,C  generation, kKW  mass, kg
1 A 9.61 910.81 1190.17 1.11 73.64 5026.54 4.99 897.62 5750
B 3.40 762.87 545.45 0.61 19.82 3479.22 4.98 825.74 5000
C 0.56 148.58 66.28 0.38 3.07 771.46 4.96 124.81 1000
2 A 10.79 929.00 1213.94 1.11 78.28 2364.92 2.00 183.52 5750
B 4.06 837.12 598.53 0.61 16.89 1719.14 2.00 155.32 5000
C 0.60 158.66 70.78 0.38 2.75 349.43 2.00 28.24 1000
3 A 11.70 974.46 1273.34 1.11 126.23 2735.85 2.84 651.28 5750
B 4.63 890.92 637.00 0.61 27.46 2316.90 2.84 543.48 5000
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5 A 6.65 716.29 935.98 0.60 141.42 1629.06 1.00 270.87 5750
B 6.71 1100.77 787.04 0.60 100.25 1329.01 0.98 281.74 5000
C 1.65 917.35 409.22 0.38 29.44 794.32 0.97 220.13 4000
6 A 7.19 744.28 972.57 0.56 47.14 1771.40 0.92 105.28 5750
B 8.42 1268.57 907.02 0.61 32.66 1535.27 0.92 57.46 5000
C 2.38 1028.49 458.81 0.38 9.88 1220.76 0.92 43.18 4000
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