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Abstract—The aviation industry, responsible for over 2%
of energy-related CO2 emissions in 2022, aims for Net Zero
Emissions by 2050. Despite electric aircraft’s environmental
benefits and improved operational efficiency, the current battery
technology limits their range and size. Based on the optimal
system voltage and power profile of the reference all-electric
aircraft, this paper presents the design of a hybrid reconfigurable
battery pack. The design incorporates a combination of high-
specific-energy (263Whkg−1 at cell level) and high-specific-
power (1800Wkg−1 at cell level) battery types and its perfor-
mance is compared with that of a fixed configuration battery
pack comprising a single battery type. Simulation results suggest
a potential 900 kg (18% lighter than fixed configuration) weight
savings with reconfigurable pack, translating into enhanced
payload, energy savings, or range extension for 9 PAX Eviation
Alice electric aircraft at just 0.4% more energy capacity loss in
500 cycles.

I. INTRODUCTION

Globally, commercial air operations account for approxi-
mately 2% of the energy-related CO2 emissions [1], [2]. A
shift towards electric aircraft is inevitable to mitigate CO2
emissions and to reduce dependence on jet fuel. All-electric
aircraft emerges as a promising solution for sustainable future
aviation, offering the potential for zero in-flight emissions,
increased propulsion efficiency, greater scalability, redundancy,
noise reduction, and lower operational costs [3], [4], [5].
However, aircraft electrification is presently limited by the
existing battery technology mainly due to its low specific
energy and power [6]. Several papers have explored the
concept of reconfigurability in battery packs, as highlighted
in [7], [8]. This approach allows cell configuration adjustment
based on specific load demands, utilizing reconfigurability
for fault tolerance and dynamic cell balancing. However, the
application of reconfigurable battery packs for electric aircraft
remains relatively unexplored. In addition to the advantages
highlighted in prior research, reconfigurability can facilitate
the simultaneous operation of a hybrid battery pack comprising
different cell types. This is particularly beneficial for all-
electric aircraft, where the battery pack needs to feature both
high specific power for takeoff and climbing, as well as high
specific energy for cruising. By leveraging the strengths of
each cell type according to the specific phases of aircraft
operation, this study proposes a reconfigurable battery pack
design using state-of-the-art Li-ion battery technology, aiming

to optimize battery pack weight by implementing a hybrid
battery pack configuration for all-electric aircraft.

A. Paper structure

This paper is structured as follows. The power profile
during the flight mission and the system level voltage of the
reference aircraft are discussed in section II. Section III covers
the detailed design of the fixed and hybrid reconfigurable
battery packs. The proposed battery pack configurations are
thoroughly analyzed and compared in IV. Finally, section V
concludes this article.

II. POWER PROFILE AND SYSTEM LEVEL VOLTAGE

A. Power profile

The design of a battery pack for an all-electric aircraft
is tailored according to its power profile. The power profile
encompasses eleven distinct phases, delineated into taxi-out,
take-off, initial climb, final climb, cruise, descent, and landing
phases during regular missions, and climb, cruise, landing,
and taxi-in phases during reserve missions. To establish a
power profile, reference electric aircraft, and their specifica-
tions are essential. In this paper, Eviation Alice is chosen as
the reference aircraft. Table I presents the specifications of
Eviation Alice according to [9], [10]. Based on the above
specification, design-related assumptions according to each
phase (e.g., coefficient of lift and drag, time duration, etc.),
and performance indices (e.g., cruising speed, rate of climb,
cruising altitude, takeoff distance, etc.), the power profile
for each phase of the flight trip is calculated based on the
mechanics of the aircraft [11], [12].

TABLE I
EVIATION ALICE SPECIFICATIONS [9], [10]

Specifications Values

Max operating speed 260 ktas = 481.52 kmh−1

Day VFR range 250 nm = 463 km
Maximum Take-Off Weight (MTOW) 18,400 lbs = 8346.1 kg

Useful payload (commuter) 2,500 lbs = 1134 kg

Power output 2x motors, 700 kW each
Maximum L/D ratio 18.5
Velocity to achieve maximum range 152 knots = 281.5 kmh−1

979-8-3503-1766-4/24/$31.00 ©2024 IEEE

20
24

 IE
EE

 T
ra

ns
po

rta
tio

n 
El

ec
tri

fic
at

io
n 

C
on

fe
re

nc
e 

an
d 

Ex
po

 (I
TE

C
) |

 9
79

-8
-3

50
3-

17
66

-4
/2

4/
$3

1.
00

 ©
20

24
 IE

EE
 | 

D
O

I: 
10

.1
10

9/
IT

EC
60

65
7.

20
24

.1
05

98
95

4

Authorized licensed use limited to: TU Delft Library. Downloaded on August 15,2024 at 07:44:43 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 1. Power profile for a single flight trip with a reserved mission of the
Eviation Alice

TABLE II
PROPULSION POWER DEMANDED FROM THE BATTERY WITHIN EACH

PHASE

Phase numbers Phases Battery power
(1), (11) Taxi-out, Taxi-in 48 kW

(2), (3), (8) Take-off, Initial climb, Reserve climb 1553 kW

(4) Final climb 1165 kW

(5), (9) Cruise, Reserve cruise 462 kW

(6) Descent 130 kW

(7), (10) Landing, Reserve landing 200 kW

Fig. 1 shows the power profile of a single flight trip with a
reserved mission. The blue line denotes the battery power for
propulsion, while the orange line represents the battery power
necessary for cabin operation. Note that this power profile is
plotted by taking into account 93% electric motor efficiency,
98% power electronics efficiency, and power cable losses
occurring in the powertrain [10]. Table II shows the battery
power corresponding to each phase. The peak propulsion
power requirement (Pmax) is the power demanded in the take-
off and initial climb phase, where Pmax = 1553.2 kW. The
total propulsion energy requirement (Etotal) from the battery
system for regular and reserve mission phases is 657.3 kWh.
Additionally, auxiliary power demands are factored in as cabin
power. In this study, a constant cabin power of 60 kW is
assumed throughout the entire flight mission while the total
battery energy is 96 kWh for cabin operation [13].

B. System level voltage calculation

The selection of the system-level voltage for electric aircraft
requires careful consideration as it influences the weight of the
cables, battery terminal voltage, and related safety measures.
A lower system voltage results in higher current magnitude
and increased losses or increased conductor radius, while a
higher system voltage may lead to the initiation of partial dis-
charges and consequent insulation system failure. Therefore,
optimizing the system-level voltage is necessary to minimize
the cabling system’s overall weight.

The power cable consists of multiple layers, including
the power conductor, inner semiconductor, insulation, outer
semiconductor, conducting shield, and outer jacket layers [14].
To achieve a cable with reduced weight, it’s essential to
ascertain the insulation thickness (ti) and conductor radius (rc).
This study approximates the thicknesses of the inner and outer
semiconducting layers (tisc = tosc = 0.6mm), conducting shield
(ts = 1mm), and the outer jacket (toj = 1mm) together to be
3.2mm, since these layers typically have a standard range of
thickness values irrespective of the other design parameters
[15], [16].

The objective function of optimization is given by (1), where
the mass of the conductor (Mc) and insulator (Mi) are given
by (2) and (3), Mx is a constant which denotes the summation

of the masses of other layers whose thicknesses are constant,
l is the cable length, ρc is the density of conducting material
(aluminum), ρi is the density of insulation material (cross-
linked polyethylene).

Min. Mcable = Mc +Mi +Mx (1)

Mc = ρc l π r2c (2)

Mi = ρi l π
(
(rc + tisc + ti)

2 − (rc + tisc)
2
)

(3)

The desired operating conductor temperature influences the
size of the conductor radius. The conductor is assumed to
operate at a temperature of 90◦C or lower, and the conductor
radius is calculated for the worst-case scenario with conductor
temperature Tc = 90◦C. The worst case scenario for ambient
temperature Tamb = 40◦C. The heat transfers within the cable
and from the cable surface to the ambient are assumed to
be conductive and convective respectively. Under steady-state
conditions, the heat generated in the conductor is equal to the
heat loss due to convection at the surface of the cable.

Tc − Ts =
I2

σ π r2c

1

2 π k

[
ln
(
1 +

tisc + ti + tosc

rc

)
+ ln

(
1 +

toj

rc + ti + tisc + tosc + ts

)] (4)

Ts − Tamb =
I2

σ π r2c

1

2 π rc h
(5)

ti = rc

exp


(

3ϵ
1+2ϵ

)
V dv

α rc

− 1

+ C (6)

The difference in conductor temperature and the surface tem-
perature (Ts) is given by (4) where σ is the conductivity of the
conductor, I is the conductor current, k is the thermal conduc-
tivity of the insulation. The difference in surface temperature
and the ambient temperature (Tamb) is given by (5) where h is
the convection thermal coefficient. The Single Void Discharge
(SVD) method used in [17] is employed for calculating the
thickness of the insulation layer ti given in (6) where ϵ is
the dielectric permittivity of the insulating material, V is the
system level voltage, dv is the thickness of void or inclusion
and lastly α denotes the breakdown voltage of the air at flying
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altitude. The constant C takes a value of 0 cm for cables with
voltages equal to or exceeding 20 kV and 0.1 cm for cables
with lower voltages [15].

With two unknowns Ts and rc, (4) and (5) are solved
simultaneously after substituting (6) in (4). Based on (1), (2),
and (3) the cable weight is calculated over a range of voltages
to determine the voltage at which the weight of the cable is
minimum. Fig. 2a shows that as the system voltage increases

(a) Weight of the power cable over the range of system
voltages

(b) Conductor radius and insulation thickness over the
range of system voltages

Fig. 2. Change in parameters of power cables over the range of system
voltages

the weight of the power cable reduces. The insulation thickness
increase is much less than the reduction in the conductor radius
as seen in Fig. 2b. Hence the characteristic of the cable weight
curve closely resembles that of the conductor radius curve. In
Fig. 2a, till the mark of 3 kV the power cable weight reduction
is drastic, and after that point, it reduces by a very small
quantity while at higher voltages the risk of partial discharge
at the low-pressure environment of the aircraft becomes severe
for both the cabling system and motor winding insulation.
Hence, considering this trade-off system level voltage of 3 kV
is selected. This voltage level falls within the range of voltages
projected by the researchers for the anticipated system-level
voltages of upcoming fully and hybrid electric aircraft [18],
[5]. When designing the battery pack, it’s essential to align
the pack voltage with the system voltage. This alignment
eliminates the necessity for a DC-DC converter. Additionally,
voltage stabilization, ensuring a constant voltage output to
the electrical bus, can be efficiently managed using a battery
control unit [19].

III. BATTERY PACK DESIGN

A. Fixed configuration battery pack

Li-NMC is recognized as a suitable battery chemistry for
small electric aircraft, attributed to its high specific energy

(a) Fixed configuration battery pack

(b) Reconfigurable battery pack

Fig. 3. Schematic of both battery packs

[6], which is a critical performance metric that determines
the flight range and payload capacity, while specific power
determines take-off and climb performance. Hence, a high-
specific energy cell (LG-INR21700-M50) and a high-specific
power cell (SAMSUNG-INR21700-40T) are shortlisted to
form two fixed-configuration battery packs where each battery
pack exclusively employs a single type of battery cell. Table
III shows the cell and pack level specifications and their weight
with 82% packing efficiency as per [20] to fulfill the energy
and power requirement of the reference electric aircraft. Note
that the battery packs are sized to power both propulsive and
cabin loads. Due to the low C-rate of the LG-M50 cell, extra
cells (∼ 1.43 times) are required to satisfy the power demand
compared to the energy demand. On the other hand, due to
the low specific energy of the SAMSUNG-40T cell, more
than double cells are required to satisfy the energy demand
compared to the power demand. Since the LG-M50 battery
pack’s weight is less than that of the SAMSUNG-40T battery
pack, the LG-M50 battery pack has been chosen as the fixed
configuration battery pack.

For the module, there are two types of cell configurations
for the electrical connections: series cell module (SCM) and
parallel cell module (PCM). In SCM, cells are connected in
series to make up a module, and such modules are connected
in parallel to make up a pack. In PCM, cells are connected
in parallel to make up a module, and such modules are
connected in series to make up a pack. [21], [22] stated that the
PCM structure can realize capacity maximization and is more
suitable for high-power applications. Moreover, PCM offers
a self-balancing feature at the cell level, which is crucial in
large-scale battery packs since a dedicated balancing circuit
inside each module is a complex procedure. Hence, the PCM
structure is employed for the proposed fixed and reconfigurable
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battery packs. Therefore, the total cell number of the fixed
configuration battery pack is 58816 which requires 919 PCM
modules in series and 64 cells in each PCM, as shown in
Fig. 3a.

TABLE III
CELL AND PACK SPECIFICATIONS

LG-M50 SAMSUNG-40T
Sp. energy 263Whkg−1 205Whkg−1

Sp. power 382Wkg−1 1028Wkg−1

Nom. energy 18.2 W h 14.4 W h
Nom. voltage 3.63 V 3.6 V

Cell

Peak discharge C rate 1.5 5

Number of cells 58816 59960
Pack

Weight 4950 kg 5120 kg

B. Hybrid reconfigurable battery pack

To capitalize on the strengths of high-specific-energy and
high-specific-power battery types, a hybrid reconfigurable bat-
tery pack design is proposed to fulfill propulsive power and
energy needs throughout a flight. In this design, the high-
specific-energy LG-M50 battery modules called the ‘primary
battery modules,’ are complemented with the high-specific-
power SAMSUNG-40T battery modules, called the ‘secondary
battery modules’ during phases of high power demand. The
objective of the primary battery modules is to fulfill the energy
demand, and the secondary modules are intended to meet the
power demand during moments of peak power namely take-
off, initial climb, final climb, and reserve climb phases, as
shown in Fig. 1. Besides, a dedicated LG-M50 battery pack
for powering cabin loads is assumed. Note that the weight
of this battery pack is considered while comparing the total
battery pack weight of fixed and reconfigurable battery packs.

The cell configuration optimization is carried out using the
fmincon solver in MATLAB. The following are the equations
of the cell configuration optimization (N = [N1P , N1S , N2P ,
N2S]) in the hybrid reconfigurable battery pack where N1P :
cells in parallel within the primary battery module, N1S :
primary battery modules in series, N2P : cells in parallel within
the secondary battery module, N2S : secondary battery mod-
ules in series. The objective function for the reconfigurable
battery pack is to minimize the battery pack weight Wpack,
as illustrated in (7). Three nonlinear constraints from (8) to
(10) express energy and power requirements during the flight
mission.

Min. Wpack = N1P N1S Wc,LG +N2P N2S Wc,Samsung (7)

Non-linear constraints:

Ic,LG N1P (N1S Vc,LG +N2S Vc,Samsung) > Pmax (8)
Ic,Samsung N2P (N1S Vc,LG +N2S Vc,Samsung) > Pmax (9)

N1P N1S Ec,LG +N2P N2S Ec,Samsung > Etotal (10)

where, Wc, Ic, Vc, and Ec are weight, max discharge current,
nominal voltage, and energy at the cell level, respectively.

The primary and secondary battery modules are connected in
series. If connected in parallel, the net battery pack current
will get divided into parallel branches, negating the intention
of using high-discharge C-rate secondary battery modules.
Further, the lower bounds of N1S are assigned to identify the
local minimum that ensures the battery pack voltage is close
to the system-level voltage in II-B. During the optimization
process, the module current remains consistent across all
modules as they are interconnected in series.

The optimization yields N = [52, 601, 19, 552], as shown
in Fig 3b. There are 52 cells in parallel for each primary
battery module, while for the secondary battery module, there
are 19 cells in parallel. There are 601 primary and 552
secondary battery modules in series for the reconfigurable
battery pack. For reconfigurability, the LG (primary) module
and the SAMSUNG (secondary) module can be connected
in series through a power switch S1, and the SAMSUNG
module can be bypassed using the power switch S2. The
switches used are assumed to have a small resistance of 1mΩ.
This optimized hybrid reconfigurable battery pack results
in voltages of 2181.63V (when the primary modules are
operational individually) and 4168.83V (when both battery
modules are connected in series). These voltages are com-
paratively closer to the optimum system-level voltage than
the other optimization results. Hence, this configuration is
chosen as the design for the hybrid reconfigurable battery pack.
Table IV summarized the specifications of fixed and hybrid
reconfigurable battery packs.

TABLE IV
SPECIFICATIONS OF FIXED AND HYBRID RECONFIGURABLE BATTERY

PACKS

Fixed configuration Hybrid reconfigurable
Rated power 1553.25 kW 1580.44 kW

Rated energy 1067.5 kWh

Primary modules: 567.2 kWh

Secondary modules: 151 kWh

Total: 718.2 kWh

Number of cells 58816
Primary cells: 31252
Secondary cells: 10488
Total: 41740

Weight 4950 kg

Primary modules: 2629.7 kg
Secondary modules: 895.3 kg
Cabin load battery: 512 kg
Total: 4037 kg

IV. RESULT

A. Simulation validation

To simulate the performance of the fixed and hybrid re-
configurable battery pack, the battery packs were modeled
using MATLAB/Simulink. Simulating a 90-minute flight trip
involving thousands of cells demands high processing power
and duration. Hence, the aircraft power profile is normalized
to a pair of primary and secondary modules. The control logic
of the reconfigurable hybrid battery pack is shown in (11).
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(a) SOC of the hybrid reconfigurable battery pack

(b) SOC of both configurations.

Fig. 4. SOC change during a flight.

[S1, S2] =

{
[1, 0], if Pdemand > P primary

max || SOCprimary < 20%

[0, 1], otherwise
(11)

If the power demand is lower than the power capability of
primary battery modules (P primary

max ), the signal ‘S1’ is given
the command ‘0’ or ’false’, and the signal ‘S2’ is given the
command ‘1’ or ’true’. Only the primary battery modules are
in operation and the secondary battery modules are bypassed.
If the power demand exceeds the power capability of primary
battery modules (P primary

max ), the signal ‘S1’ is given the com-
mand ‘1’ or ‘true’, and the signal ‘S2’ is given the command
‘0’ or ‘false’. Due to the high power demand, this switch
status is employed in phases such as take-off, initial, final, and
reserve climb, as shown in Fig. 1. Fig. 4a and Fig. 4b show
the variation in SOC of the battery pack throughout the flight
trip. During the reconfigurable battery pack sizing process,
the energy constraint was met by mathematically summing up
the nominal energy values of both the primary and secondary
battery modules. However, since the primary battery modules
operate for most of the trip duration, there is a potential
scenario where the primary modules may deplete to zero state-
of-charge (SOC) during the reserved mission phase, leaving
all the remaining energy in the secondary battery modules. To
mitigate this, the SOC value of the primary battery modules
is provided to the control logic function. If the SOC value
of primary battery modules falls below 20%, the secondary
battery modules will be connected in series, thus averting
the complete depletion of the primary battery modules. The
reflection of this event can be seen in Fig. 4a where at the 65
min mark, the SOC of the primary modules touches the value
of 0.2, and as it depletes further, the secondary modules are
connected in series, and its SOC starts to drop.

B. Weight saving

After a complete flight mission, Fig. 4b illustrates that
the fixed configuration LG-M50 battery pack retains more
than half of the battery capacity after a flight mission. The
remaining energy in the fixed configuration battery pack
underscores that the sizing of the fixed configuration battery
pack is primarily influenced by the high power demand during
take-off and climbing phases due to the low specific power of
the LG-M50 cell.

For the hybrid reconfigurable battery pack, the primary
battery modules utilize 92% of the battery capacity during a
flight mission. A total weight of which is 4037 kg. Assuming
the weight of power switches per module to be relatively
negligible, the weight difference between the reconfigurable
battery pack and the fixed configuration battery is near 900 kg
(18% lighter than the fixed configuration battery pack).

C. Cell aging

Since there are more cells in the fixed configuration battery
pack, intuitively, the aging of the battery pack should be
less than the reconfigurable battery pack. Thus to quantify
this characteristic, the cell aging performance was estimated
using PyBaMM. PyBaMM contains various battery parameter
sets, and the LG-M50 cell parameter set is used. It is based
on the experimental studies by [23], [24] and the results
are generated using the Doyle Fuller Newman model. While
scripting the aging algorithm in PyBaMM, it is assumed that
the temperature is kept constant at 25◦C using an onboard
thermal management system. 500 cycles with a discharging
current profile from the Simulink battery model and the CC-
CV (0.3 C-rate, 4.2V) charging profile recommended in the
cell datasheet are executed. The aging performance modeling
focuses on the loss of lithium inventory (LLI) caused by
SEI growth, lithium plating, and side reactions, indicating the
depletion of active lithium ions available for cycling [25].

As illustrated in Fig. 5a, the cell current from the primary
battery modules of the hybrid reconfigurable configuration is
higher than the fixed configuration. Fig. 5b shows that the
capacity loss due to the previously mentioned causes of LLI
is greater in the primary battery modules of the reconfigurable
battery pack compared to the fixed-configuration battery pack
due to the comparatively high discharge C-rate during the
flight mission. However, the difference in the capacity loss
of these configurations is almost 0.02Ah after 500 cycles,
meaning the LG-M50 cell in the reconfigurable battery pack
holds only 0.4% more capacity losses than the LG-M50 cell in
the fixed configuration battery pack. It should be noted that the
LLI aging model is a simplified representation of the complex
degradation process occurring inside the cell and hence limits
the accuracy of the results due to ignoring factors such as
mechanistic details, temperature effects, electrolyte dynamics,
etc.

V. CONCLUSION

The electric aircraft battery pack sizing is determined both
by energy and power requirements. The proposed hybrid
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(a) Cell current of both configurations.

(b) Capacity loss for both configurations.

Fig. 5. Aging performance of fixed and hybrid reconfigurable battery pack
after 500 cycles.

reconfigurable battery pack leverages the strengths of each
cell type in terms of its high specific energy and high specific
power, which connects the secondary battery modules in series
when the propulsion power demand exceeds the primary
modules’ nominal power. Using the Eviation Alice aircraft
and the LG-M50 and SAMSUNG-40T cells as a reference,
a reduction of 900 kg in battery weight (18% reduction in
weight) can be achieved compared to the fixed configuration
battery pack at the cost of 0.4% more capacity loss after 500
cycles. The weight savings can translate into enhanced cargo
capacity, energy savings, and range extension. While we have
demonstrated a hybrid battery pack using a particular high-
specific energy cell (LG-INR21700-M50) and a high-specific
power cell (SAMSUNG-INR21700-40T), the concept can be
extended to any combination cells that complement each other
in terms of high-specific energy and high-specific power.

The dynamics of the system during battery reconfiguration,
the hardware design of the switches and their control, the
power converter architecture, and the safety considerations for
the battery pack are beyond the current scope and will be
addressed in future research.
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