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Abstract

Structural batteries are multifunctional materials capable of storing energy while
simultaneously carrying significant loads. Although substantial progress has been
made in improving both mechanical and electrical performance at cell level, the
technology remains underexplored at system level. This report investigates different
cell architectures experimentally to create a purpose-designed structural battery
cell for an aircraft demonstrator, and prepares a demonstrator platform consisting
of custom designed and commercial mechanical and electrical components. This
resulted in a flight-ready aircraft platform, ready for flight once the newest structural
battery generation has been implemented in the system.

Keywords: structural batteries, aircraft design, composite materials, experimental
characterisation, multifunctional materials, Free Flight model aircraft
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1

Introduction

In a technological landscape in which electrification is driven by the improved
maturity of lithium-ion batteries (LIB), system-level optimisations become
increasingly relevant. In the automotive industry, for example, electrification leads
to large increases in mass at a system level compared to petrol equivalents [1].
As the battery pack can account for up to 25% of a vehicle’s total mass [2],
multifunctional materials offers a relief in system weight for future vehicle designs.

The problem of "autobesity" is increasingly addressed across different industries. The
automotive industry, in particular, has introduced cell-to-body and cell-to-chassis
technology to better integrate batteries into the vehicle structure and reduce
mass. Although these approaches are sometimes referred to as structural batteries,
they do not imply that cells can bear mechanical loads at the cell level, nor that
the cells themselves are intrinsically structural. This is where structural battery
composite materials, also known as structural batteries, are fundamentally different.

Structural batteries offer the possibility of electrification without a proportional
increase in total system weight, by replacing monofunctional elements with
multifunctional ones. A structural battery is a multifunctional composite capable
of carrying mechanical loads while simultaneously storing energy. To accomplish
this type of multifunctionality, carbon fibres are used as a foundation, owing to
their good mechanical, electrochemical and electrical properties [3].

During the last few years, significant progress has been made in the field.
The second generation of structural battery cells at Chalmers using lithium iron
phosphate (LFP) coated carbon fibre in the cathode achieved energy densities
on the order of 30 Whkg™! with an elastic modulus of 76 GPa [3]. The most
recent generation has seen dramatic improvements from this, with the energy
density of structural battery cells now approaching that of conventional LFP cells
(unpublished). As this performance gap narrows, demonstration at the system
level grows relevant, since the challenges of integrating structural batteries into real
engineering systems will eventually need to be addressed.

This thesis aims to represent initial steps toward a structural battery aircraft
demonstrator. Specifically, it addresses three interconnected objectives: evaluating
purpose-engineered structural battery cells for use in a demonstrator; designing a
purpose-built aircraft structure and propeller; and developing the electrical system
required for flight.
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1.1 Background

Design of an aircraft requires many interconnected design challenges, as the
mechanical, electrical and battery system all couple and affect one another. The
workflow will therefore include parallel and iterative processes. The workflow is
summarized in Figure 1.1.

Demonstrator selection

A 4

Motor and propeller
selection

A 4 A 4 A 4

Electrical design toplogy Cell screening Fuselage and propeller
and requirements (stage 1) design and requirements

4

A 4 A 4
Cell repeatability test

(stage 2) Fuselage &

PCB desi
esign propeller manufacturing
l Y
Revision of selected cell
design A4
Electri§al system (stage 3) Propeller benchmarking
validation and mechanical validation

A 4

Repeatability test of revised
cell design
(stage 4)

—»{ Demonstrator assembly |[€—

Figure 1.1: Overview of the project workflow.

1.1.1 Selection of demonstrator aircraft

As the number of cells which can be produced, size, and hence also the capacity of
these cells are limited, a relatively low power consuming aircraft is desired. Hence, a
Free Flight type of aircraft is designed, to allow low power flight and avoid auxiliary
power demands from RC communication and flight controls. A balsa based Free
Flight aircraft was kindly provided by Erik Kullgren at Elitkomposit, Sweden,
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of which the horizontal stabiliser, vertical stabiliser, and wings are kept, and the
fuselage is redesigned and replaced. The Free Flight plane uses a 10 g rubber motor,
which is to be replaced with an electric motor powered by structural batteries.

1.1.2 Conventional battery cells & composites

LIBs are rechargeable batteries that use dual intercalation electrodes to reversibly
move lithium ions between the positive and negative electrode, often referred to as
a rocking-chair battery. A LIB consists of a cathode (positive electrode, PE), anode
(negative electrode, NE), separator, and an ion conductive electrolyte, generally a
lithium salt in a carbonate solvent [4]. The graphite anode remains the dominant
choice in state-of-the-art lithium-ion batteries, while cathode chemistries are
commonly grouped into three main classes: layered oxides (e.g., LCO, NMC), which
are valued for their high energy density; spinel cathodes (e.g., LMO), which offer
high-rate capability because of their three-dimensional Li-ion diffusion pathways;
and olivine cathodes (e.g., LFP), which are prized for their high structural stability,
safety, and long cycle life [5], [6], [7].

A composite material is a material system where two or more constituent
materials are combined together macroscopically to form a new material with
desirable properties [8]. Fibre Reinforced Plastic (FRP) is an example of a
widely used composite material. FRPs normally consist of a fibre reinforcement,
which acts as the main mechanical load bearing member due to its high stiffness
and strength. The matrix material bonds together these fibre reinforcements
and transfer mechanical load between fibres while protecting them from the
environment outside. The fibres or matrix alone are not of much use, but they can
be combined together to form much more desirable properties like enhanced strength
and stiffness at lower densities compared to metals. Carbon Fibre Reinforced
Plastics (CFRP) are an example of composite materials and they are used widely
in the aerospace industry for their superior strength and stiffness by weight ratios [8].

1.1.3 Structural battery composites

A structural battery is a type of multifunctional composite which combines
the functions of the conventional LIB with that of conventional carbon fibre
composites [3]. In this design, carbon fibres (CF) are used as active negative
electrodes, and LFP coated CF are used as positive electrodes, whereas a
lithium-ion (Li-ion) conductive semi-solid polymer electrolyte matrix, referred to
as a Structural Battery Electrolyte (SBE) acts as mechanical load transfer between
fibres and for ion transport and electrical insulation between electrodes.

When replacing a structure and a battery with a multifunctional composite,
the mass savings are determined by the multifunctional efficiency (MFE) of the
material. The MFE is described as

N fe = Ns + Ne (1.1)

3
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where n,,s. is the MFE, n, is the structural efficiency of the material compared
to the conventional structure, and n. is the energy storage efficiency compared
to the conventional energy storage the multifunctional material replaces [9]. In
order to achieve a mass saving, the MFE must be greater than one. Hence if the
multifunctional material is just as good of a battery and a structure as the material
it replaces, the MFE is 2, and the mass of the system is halved.

At Chalmers University of Technology, two generations of structural batteries
have been developed to date. The first one, uses a commercial LFP foil as positive
electrode and a Whatman separator. Due to only the negative electrode providing
load bearing capabilities, and the use of a thick Whatman separator, this cell
reached an elastic modulus of 25 GPa and an energy density of 24 Whkg~!, which
equates to a low MFE [2].

The second generation, introduced at the end of 2024, was the first all-fibre
battery. By using Electrophoretic deposition (EPD), the fibres could be coated
with LFP particles to create a counter electrode to the T800 fibre on the negative
electrode. Additionally, by replacing the Whatman separator with a thin cellulose
separator, the performance saw great improvements with an energy density of
30 Whkg! and an elastic modulus of 76 GPa. This dramatically increased the
MFE of the material to approximately 0.88 [3]. The differences between these two
generations are visualised in Figure 1.2.

(a) (b)

Figure 1.2: (a) First generation structural battery from Chalmers University
of Technology, utilising a commercial positive electrode, (b) second generation
structural battery from Chalmers University of Technology, utilising EPD to coat
CF with LFP, hence creating the first all-fibre battery.

Although the second generation provides significantly better multifunctional
performance, the additional EPD coating procedure to manufacture the positive
electrodes made it unsuitable for this project. Hence, the first generation is chosen,
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with a slight modification that a cellulose separator is used instead of a Whatman
separator, hence ideally increasing the energy density from what has been reported
for that generation.

1.1.4 Structural battery systems and demonstrators

The structural battery cells developed at Chalmers University of Technology have
previously been demonstrated as multicell laminates in two different studies, one
in which Siraj and Tasneem et al. developed the current manufacturing method
for structural battery composites [10], and one study from Xu et al. in which a
multi-cell laminate was prepared for thorough mechanical and electrical testing [11].
The most recent work demonstrated the structural cell in a mechanical and
electrical system, by integrating three structural battery cells in a torch frame,
from which they could power the LED of the torch (unpublished).

Another type of multifunctional composites referred to as structural supercapacitors,
has been thoroughly demonstrated. A recent demonstrator from Imperial College
London, showed how structural supercapacitors integrated into the C-beam of an
Airbus A380 Aircraft, can replace the monofunctional supercapacitors to power
the aircraft door, which opens the door in case of an emergency and power outage.
The demonstrator uses multiple structural supercapacitors which are externally
connected in series to provide sufficient voltage to the servo motor to open the
aircraft door. This demonstrator shows how multifunctional composites are capable
of powering servo motors, an important milestone and relevant finding in order to
demonstrate the technology in a moving demonstrator [12].

1.2 Aim and research questions

The aim of the thesis is to explore cell and pack level architectures for structural
batteries suitable for integration into an aircraft demonstrator, and to build a
platform for such a demonstrator that is ready for structural battery integration.
This task includes the following research questions:

o What aircraft structures are suitable for the integration of structural batteries?

o Which structural battery cell design (size, stacking concept, positive electrode
choice) provides the best trade-off between energy density, power capability
and integrability for the chosen demonstrator?

« Is it possible to integrate structural batteries into load bearing structures of
the demonstrator to save weight?

o How should the electrical system and control strategy be designed to ensure
safe operation (current limits, balancing, protection) while meeting the
demonstrator’s performance requirements, and to what extent can this be
implemented with commercially available components?
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1.3 Scope and limitations

The scope of the thesis is limited to the time frame, as cell manufacturing processes
such as drying and conditioning fundamentally takes time. One time saving measure
included is the choice of only using available commercial positive electrodes, as
manufacturing of structural carbon fibre positive electrodes is time consuming, and
requires training.



2

Theory

2.1 Cell materials and manufacturing

Manufacturing of structural battery composites combines methodologies used when
manufacturing batteries and carbon fibre composites, and a process was developed
during 2022 for better consistency [10]. Here, the methodology, using vacuum
infusion and cell pouching is adopted. When designing cells which are to be used
in a system, further manufacturing methods are implemented from commercial cell
manufacturing, the main one being cell stacking.

Cell stacking is commonly used for pouch cell manufacturing, when the alternative,
jelly roll manufacturing, which is most commonly used for prismatic and cylindrical
cells, is not desired [13]. Stacking and jelly rolling is crucial to maximise the
capacity of one cell and hence minimise the parasitic weight. Similarly, stacking of
composites can provide improved mechanical characteristics increasing the incentive
to pursue stacking in structural battery composites. Stacking can be performed
both before and after the infusion of individual cells. If the stacking is done
before infusion, the structural battery sees an improvement in both mechanical and
electrical performance. But if the stacking is done after infusion, the structural
battery will only see an improvement in the electrical aspect and not the mechanical
aspect due to the lack of any inter-laminar shear strength. This can be corrected
by cobonding them at a later stage [8].

2.2 Electrochemical characterisation

During the first few cycles of a newly manufactured cell, the solid electrolyte
interface (SEI) forms at the negative electrode. During this process, lithium
inventory is lost. Although leading to an initial capacity loss, the process is crucial
to create a stable battery with high coulombic efficiency (CE) [14].

In order to form this layer, numerous galvanostatic charge and discharge
(GCD) cycles are generally performed at low charge rates (C-rates), typically
around C/20 for structural batteries. The charge rate at the first two evaluation
stages is calculated from the usable capacity of similar cells previously reported in
the literature, such as [10]. In this paper, the usable capacity proved to be ~ 30 %
of the specified areal capacity of the LFP foil. The charging current for the GCD
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cycling is calculated as

igcd - CAh -n- Aelectrode ' szte (21)

where 7,44 is the charging current, Cy;, is the areal capacity specified from the LFP
foil, n is the usability factor, Acectrode 18 the active area of the cell and Cl. is the
desired C-rate for the GCD. For the third and fourth evaluation stages, n=1 was
assumed, as a cycling approach with a low 7 led to very extended first charging
cycles.

If full cell capacity is to be utilised, it is advantageous to include a constant-voltage
phase in the charge cycle. As the voltage required to maintain the set charging
current approaches the programmed cut-off voltage, the charging process can
switch from constant current to constant voltage, where the voltage is held at
the cut-off level to continue charging the cell at a decreasing current. This
allows the cell to reach the remaining 20-30% of its state of charge (SOC). A
similar stage can be added to the discharge cycle if complete discharge is desired [15].

In order to create Equivalent Electrical Circuit Models (EECM) from battery cells,
batteries are often characterised using Electrochemical Impedance Spectroscopy
(EIS). EIS is performed using a galvanostat, and can be performed galvanostatically
or potentiostatically. By exciting the battery using an alternating current (AC)
or voltage and measuring the response, a circuit model can be fitted. The data is
generally presented in a Nyquist plot [16]. The complexity of different EECMs may
vary significantly. Popular models include the Rint Model, the simplified Randles
Model, and the second order Thevenin Model. These are all visualised in Figure 2.1.
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Figure 2.1: (a) EECM of the Rint model, (b) EECM of the simplified Randles
model, (¢) EECM of the second order Thevenin model.

The Rint model can be used by only considering the bulk resistance. This model is
useful when simulating the steady state IR drop of the cell, and for making simple
SOC estimations if the current is known.

The simplified Randles model uses the additional charge transfer resistance,
R., and the double-layer capacitance, Cy, and captures the transient behaviour
of the cell. From the perspective of the Nyquist plot, that equates to the first
semi-circle. If the electrochemical properties are to be modelled in more detail, an
additional Warburg Impedance can be added after the RC-element to model the
diffusion. However, this depth of modelling is not necessary for SOC estimation [17].

When a second semi-circle is distinguishable in the Nyquist plot, a second
order Thevenin Model can be used. However, for the case of structural batteries,
this semi-circle is rarely visible.

In this report, the Rint model and the simplified Randles model are used
exclusively. Identifying the Rgq, is done simply by studying the real impedance
when the imaginary impedance is zero in the Nyquist plot. The R is found by
graphically determining the diameter of the semi-circle. From the highest point of
this circle, it is known that

2rf,r =1 (2.2)
where f, is the frequency at the peak of the semi-circle and 7 is the time constant.
Since the time constant can simply be expressed as

7= RC (2.3)
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the double layer capacitance in the first order Thevenin Model can be calculated as

1

Cp=—
@ 277-fPRciE

(2.4)

which completes the equivalent circuit. [18]

2.3 Electrical systems in  battery-powered
applications

The complexity of the electrical system may vary significantly depending on the
application. Propulsion systems designed to operate within a broad spectrum of
rpms, often referred to as Variable Speed Drives (VSD), have multiple constituents
in common.

The pre-charge circuit is a common part of VSDs, especially in EV applications.
Pre-charge circuits are needed especially in high voltage due to the high capacitive
loads causing very high inrush currents, which may damage components or cause
unnecessary stress to the battery cells. The most common pre-charge circuits
uses a pre-charge contactor which drives the current through a power resistor and
limits the current. In steady state, the contactor is disconnected and a regular
contactor connects the batteries to the system. If the voltage level is lower, the
contactors can be replaced by semiconductors, such as a Metal Oxide Field Effect
Transistor (MOSFET). The implementations may vary, and multiple transistors
can be connected in parallel if necessary [19].

Two key constituents in drive systems are the Electronic Speed Controller
(ESC) and the Electric Machine (EM). In state-of-the-art EVs, the most common
choices for electric machines are permanent magnet synchronous machines, due
to their low weight, compact size, and high efficiency. Popular alternatives
include induction machines and electrically excited synchronous machines, the
latter of which has recently gained market share. However, within the smaller
radio-controlled space, brushless direct current motors (BLDC) have been dominant
for a significant time [20].

The functionality of the ESC depends on the type of EM employed. BLDC
and AC motors require three-phase excitation of their stator windings. In BLDC
motor drives, the ESC operates as a three-phase inverter that applies a sequence of
voltage waveforms to the motor windings. Commutation is achieved by selectively
switching semiconductor devices within the inverter, thereby generating a rotating
magnetic field that interacts with the permanent magnets of the rotor. The
commutation sequence is illustrated in Figure 2.2. Motor speed is typically
regulated through Pulse Width Modulation (PWM), which adjusts the effective
voltage applied to the windings.

10
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Figure 2.2: Illustration of BLDC motor commutation.

Source: [21]

The ESC receives a control signal from an external controller, which in
radio-controlled (RC) applications is commonly generated by a radio receiver.
Traditionally, this command signal consists of a periodic pulse train with a
repetition frequency of approximately 50 Hz, where the pulse width represents the
requested motor speed or throttle setting.

Due to the widespread use of BLDC motors in RC applications, commercially
available OTS ESCs are readily available and therefore represent a practical
solution for the moving structural battery demonstrator investigated in this
work. In addition to performing motor control and power conversion, many ESCs
incorporate auxiliary power-supply functionality for onboard electronics. Since
subsystems such as radio receivers typically require a regulated supply voltage that
differs from the motor supply voltage, ESCs often integrate a Battery Eliminator
Circuit (BEC), which provides a regulated output voltage, commonly 5 V [22].
This auxiliary supply is frequently used to power radio receivers, servos, and other
low-power electronic devices. In fixed-wing RC aircraft, servos powered by the
BEC are commonly used for actuation of control surfaces. The main functions and
electrical interfaces of the ESC are illustrated in Figure 2.3.

A
Signal
BEC+ B
BEC-

Cc

Figure 2.3: Pinout of the ESC, with motor phases A-C, BEC, battery connectors
and PWM speed signal.

When selecting a BLDC motor, one important parameter is the KV rating, which
specifies the motor’s no-load rotational speed per applied volt (rpm/V). Higher KV
ratings correspond to higher achievable rotational speeds but generally lower torque
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per ampere. In small drone applications, particularly micro quadcopters, motors
with KV ratings of up to 27,000W rpm/V are commercially available [23].

2.3.1 Battery management systems

The battery management system (BMS) of a battery pack is a key component,
especially with Lithium-ion technology, as overcharging and undercharging can
cause a battery fire. As each cell has underlying inconsistencies from manufacturing
and undergo different temperature cycles during operation in the battery pack, it is
necessary to individually monitor each cell. A BMS continuously monitors current,
voltage and temperature, and can detect imbalanced cells from measuring the
voltage from each series connected string. To balance uneven charge distribution,
a BMS can use active or passive balancing. Active balancing redistributes charges
from higher charged strings onto the strings with a lower charge level, whereas
passive balancing dissipates the energy of the fully charged cells and allows the
lower charged cells to reach the same voltage. Passive balancing is only necessary
during the charging process, which means that it can be handled by an external
charging circuit [24].

2.3.2 Modelling the battery pack from Randles model

From the Randles model presented in Section 2.2, an equivalent circuit model of the
battery pack can be constructed to estimate its electrical performance. The pack
model is obtained by combining individual cell models according to the physical
series and parallel configuration of the battery pack.

If all cells are assumed to exhibit identical electrochemical behaviour, the
pack model can be derived by directly scaling the parameters of a single Randles
cell. Alternatively, individual cell models may be replicated and interconnected
to represent the complete pack when investigating the influence of cell-to-cell
variations in parameters or state of charge.

In this work, the primary quantity of interest is the terminal voltage response
during discharge. The propulsion system requires a specified average current,
and excessive voltage drop may reduce the available power or trigger the BMS
undervoltage protection. Therefore, equivalent circuit parameters are derived for
both parallel-connected cell groups and the complete battery pack.

For a cell group consisting of n, identical cells connected in parallel, the
equivalent Randles parameters become

Ro, — 22 (2.5)
Tp

Retp, = He (2.6)
Tp
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Catn, =1y - Car (2.7)

These relationships follow directly from the electrical behaviour of parallel-connected
circuit elements, where resistances decrease and capacitances increase with the
number of parallel branches. Physically, the parallel-connected cells share the
applied current, reducing the effective internal resistance while increasing the
available charge-storage capability represented by the double-layer capacitance.

The battery pack is subsequently formed by connecting n, identical cell groups in
series. The equivalent pack parameters can therefore be expressed as

RQ,eq =MNs - RQ,np (28)

Rct,eq =MNg Rct,np (29)
Can

Cdl,eq — (210)

S
Series connection increases the voltage capability of the battery pack while also
increasing the equivalent resistance. The equivalent double-layer capacitance
decreases according to the same relationship as conventional capacitors connected
in series.

The resulting equivalent circuit, representing a battery pack consisting of ng
series-connected cell groups with n, parallel-connected cells per group, is illustrated
in Figure 2.4.

Cdl, eq
Ro, eq
| I ————°
lJOCV, pack <t> RCt. eq Uterminal
O

Figure 2.4: Equivalent circuit representation of a battery pack consisting of n,
parallel-connected cells per group and n, series-connected cell groups.

2.4 Mechanical systems in aircraft applications

Building a Free Flight model aircraft powered by structural batteries introduces
mechanical challenges with respect to the structure of the fuselage, propeller

13
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selection and stability of the aircraft since the fundamental mode of energy storage
and propulsion is now different.

2.4.1 Aerodynamic forces and moments on an aircraft

Aerodynamic lift and drag are two primary forces an aircraft experiences as it
moves through air. Aerodynamic lift produces a net force Fj;;; perpendicular to
the direction of relative airflow and is caused due to the pressure difference between
the upper and lower surface of an aerofoil. A drag force Fg,q, acts parallel to the
direction of relative airflow, and opposes the aircraft’s movement through air. Drag
arises from a pressure difference between the front and rear of an aerofoil, and due to
skin friction. An aerofoil also experiences a moment M due to the surface pressure
and shear stress distribution that tends to rotate the wing. This moment M can be
calculated about any point in the aerofoil. These forces and moments are visualised
in Figure 2.5 and can be quantified as

Flz‘ft = CrgscS (2-11)
Fdrag = CDqOOS (212)
M = CyqeoSc (2.13)

where S is the reference area, and c is the chord length, C, Cp, and C}; are the
coefficients of lift, drag, and moment respectively. They are dependent on the angle
of attack a, Reynolds Number, and geometry of the aerofoil. The ratio between C7,
and Cp is defined as the L/D ratio. ¢ is the dynamic pressure and is quantified as

1
Goo = 5Poolcc (2.14)

where po, is the density of the fluid and v, is the relative velocity between the fluid
and the aerofoil [25].

L L
7 | [

Moments about x Moments about x

Figure 2.5: Forces and moments on an aerofoil about 2 points x, and .

Source: [26]
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2.4.2 Aircraft stability

Aircraft stability is divided into two types: static and dynamic stability. These
concepts are described in detail by Anderson [25].

Static stability is determined by the reaction of a body to disturbances to
its equilibrium state and can be divided into three sub-types: positive static
stability, negative static stability, and neutral static stability. If the forces and
moments acting on a body after a disturbance is applied on it works to bring the
body back to its original equilibrium position, the body is said to have positive
static stability. If the forces and moments on a body after a disturbance is applied
to it works to move the body away from its original equilibrium position, the body
is said to have negative static stability. If there are no forces and moments on
a body after a disturbance is applied to it and it remains in this new state of
equilibrium, the body is said to have neutral static stability. Figure 2.6 visualises
this concept on an aircraft.

(a) Trimmed (equilibrium) flight
Lift = weight Thrust = drag Moments =0

= —= - —E D
Trimmed flight Trimmed flight Trimmed flight
(b) Statically stable
\ ) - //_\\
b N i e .-
| WRSEEN— D
— —= A - —=
Trimmed flight Disturbance nose-up moment Restoring nose-down moment
(c) Statically unstable
o
A, e A
N W W
— T ~—
Trimmed flight Disturbance nose-up moment Nose-up moment increases
(d) Neutrally stable
SN T T
3 ; —=3 b/')-ﬁ’ ———————
E— | " o R =
L —— -~ &’_!ﬁ
——— s
Trimmed flight Disturbance nose-up moment No restering moments

Figure 2.6: Illustration of positive, negative, and neutral static stability.

Source: [26]

Dynamic stability depends on the time history of a body’s response to a disturbance
after it has initially responded to its static stability. It refers to the ability of a body

to return and remain at its equilibrium position over a long period of time. It should
be noted that positive static stability is a necessary but not sufficient condition for
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dynamic stability. Similar to static stability, dynamic stability is also classified into
positive, negative, or neutral dynamic stability. Figure 2.7 visualises this concept
for an aircraft.

(a) Statically & dynamically stable
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(b) Stati stable & dyr
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Trimmed flight Disturbance nose-up moment Restoring nose-down moment Increased nose-up moment Increased nose-down moment
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Figure 2.7: Illustration of positive, negative, and neutral dynamic stability.

Source: [26]

For a Free Flight aircraft, longitudinal static stability is of much greater concern than
lateral or directional stability since the aircraft is symmetric about the centre and
there is no active control on the aircraft. For a conventional wing-tail configuration,
static longitudinal stability requires that the pitching moment co-efficient C},
decreases with increasing angle of attack «, i.e, ag—aM < 0 [25]. The pitching moment
about the centre of gravity can be expressed as

8C’M7cg 8CL Icg - .I‘np

oo 0a ¢ (2.15)

where % is the change in coefficient of lift C'; with angle of attack o, ., is the

position of the centre of gravity, and x,, is the position of the neutral point and
¢ is the mean aerodynamic chord. Since 83% is positive (in the operating angles
of attack of the aircraft), z., — x,, has to be negative, i.e, the location of the

centre of gravity has to be in-front of the location of the neutral point of the aircraft.

2.4.3 Propellers and power requirements

Propellers convert rotational power provided by a power source like an electric
motor into thrust by accelerating the air passing through it backwards. It has a
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number of blades that acts as rotating wings, effectively producing lift in the axis
of rotation of the blades, which is perceived as thrust.

Even though many theories exist to calculate the thrust produced by a propeller, it
is commonly defined according to the Momentum-Blade Element Theory [27] as

T = Crpn*D* (2.16)

where p is the density of the fluid, n is the rotational speed (in revolutions per
second), D is the diameter of the propeller, and C7 is the coefficient of thrust,
which is a non-dimensional quantity. The coefficient of thrust Cr is a function of
the advance ratio J such that Cp = Cr(J).

1%
J = o) (2.17)
where V' is the forward velocity of the aircraft/propeller.
Power, P, and Torque, @), are calculated as:
P = Cppn®D° (2.18)
Q = Copn°D® (2.19)

where Cp and Cg are coefficients of power and torque respectively. Hence, thrust,
power, and torque for a given operating point are all calculated from empirical
propeller test data.

2.4.4 Composite structures in aircrafts

Composites like carbon fibre reinforced plastics (CFRP) are widely used in the
aerospace industry due to their superior specific strength and stiffness compared
to traditional materials like Aluminium and Steel. But the highly directional
properties of these materials bring forth challenges in the design and analysis of
composite components.

Classical Laminate Theory (CLT) aims to simplify this process by describing
the mechanical behaviour of a laminated composite by combining the contributions
of the individual plies or laminae [8]. It assumes linear elastic behaviour and perfect
bonding between layers and is formulated as:
{so} (2.20)
K

N

where A is the extensional stiffness matrix, B is the coupling matrix, and D is the
bending stiffness matrix. For laminates exhibiting symmetry about its mid-plane,
the coupling matrix is zero and hence effective in-plane properties like Young’s
modulus, shear modulus, and Poisson’s ratio can be calculated from the A matrix.

A B
B D
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Methodology

3.1 Cell development and evaluation

The cell development is performed in four stages: two screening stages separated by
repeatability testing of the selected configuration, with electrochemical impedance
spectroscopy and cycling as the principal characterization methods.

o Stage 1: Screening of initial cell layouts

o Stage 2: Repeatability tests of the best performing layout

o Stage 3: Screening of improved cell design

» Stage 4: Repeatability tests of the selected improved design

3.1.1 Stage 1: Screening of cell layouts

Stage 1 is used to screen geometry, stack concepts and cathode chemistries. This
stage provides design freedom to test concepts used in commercial battery cell and
composite manufacturing in order to engineer purpose-built cells for a demanding
application.

The chosen aircraft design requires a cell format that can provide enough
capacity while still fitting in the fuselage. For that reason, one of the key concept
evaluated in stage 1 is stacking. It is a familiar principle used in both pouch-cell
manufacturing and composite layups, and is therefore very relevant. It is also a
natural continuation of the work done with the structural battery torch, where
stacking was demonstrated with individually cured structural battery laminates.

Here, a stacked layup of two layered cells, utilising a double layer carbon
fibre in the middle of the stack, and LFP foils at the bottom and top of the stack
is evaluated first. Hence the carbon fibre electrodes can be lithiated from both
sides, and only one current collector is needed for the negative electrode. This
PE-NE-NE-PE layup, is visualised in Figure 3.1a. In the figure, the double layered
carbon fibre can be seen, with the current collector between the two layers, along
with the two opposite facing positive electrode and the z-stacked separator.

The manufacturing of the positive electrode is identical to that reported by
Siraj et al. [10], and the double layered carbon fibre negative electrode is
manufactured by silver gluing one carbon fibre tape to both of the sides of a
copper current collector. The negative electrode is subsequently wrapped in the
z-stacked separator. The layup in the vacuum bag was simplified using jigs.
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This manufacturing process is summarized in Figure 3.1. The limitations of the
Z-stacked double layered cell is also evaluated by manufacture of a four layered cell,
to investigate if an increasing number of layers will affect the carbon fibre wetting,
the LFP foil encapsulation effect, and hence the charge transfer resistance R.. The
stacking is visualised in Figure 3.2.

() (b)

Figure 3.2: (a) Illustration of a four layered structural battery cell with 2
double-layered negative electrodes, 4 positive electrodes and a z-stacked separator
folded along the short side, (b) assembly of a four layered structural battery cell.

The addition of a dwell time is further considered, to allow an even distribution
and complete wetting of the carbon fibre, by waiting 5 hours from infusion to curing.

In addition, the use of layered oxides cathodes, specifically power optimised
NMC111, with an areal capacity of 1 mAhem™2, similar to the commercial LFP foil
is explored. NMC offers greater conductivity, due to its 2D diffusion channels, as
well as higher voltage and hence an improved energy density.

In the first stage, EIS is only conducted after the successful conditioning of
ten GCD cycles.

3.1.2 Stage 2: Repeatability tests of the selected layout

In stage 2, the best performing layout is chosen and produced in many examples,
to test repeatability and the possibility of aircraft implementation. In this stage,
slight modifications are made in terms of dimensions in order to fit into the aircraft.
Additionally, the copper current collector is moved towards the middle of the
electrode, to minimise the distance each electron has to move in the carbon fibre
and hence reduce the resistive losses in the negative electrode. The electrodes are
vacuum bagged two and two, allowing four cells to be infused at the same time with
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(d)

Figure 3.1: (a) Schematic of the two layered stacked cell with a z-stacked separator
and a double layered negative electrode, (b) manufacturing procedure for double
layered negative electrode, (c) top view of double layered cell during manufacturing
using a 3D-printed fixture for easier alignment, (d) side view of double layered cell
during manufacturing.
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2 vacuum pumps. The vacuum bags, along with the modified negative electrode are
shown in Figure 3.3.

(a) (b)

Figure 3.3: (a) Manufacturing of negative electrode with centralised current
collector for stage 2 cell, (b) vacuum bag infusion of stage 2 cells.

After curing, 400 pL of liquid electrolyte is added to the pouch along with the cured
cell, and before conditioning, each cell undergoes potentiostatic EIS, to make sure
that the manufacturing is executed correctly.

3.1.3 Stage 3: Revision of selected cell layout

In stage 3, the design is revised, and specifically methods to improve carbon fibre
wetting are evaluated. These include extending the carbon fibre outside of the
LFP-foil, and adding pinholes to the foil to prevent an encapsulating behaviour
from the two foil layers under vacuum. Additionally, an additional drying stage
is added, in which all electrodes are dried overnight at 90 °C, to further suppress
moisture prior to vacuum bagging. The positive electrode with pinholes, along with
a cured cell visualising the carbon fibre extending outside of the positive electrode,
are visualised in Figure 3.4.
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(a) | (b)

Figure 3.4: (a) Positive electrode with pinholes, used in stage 3, (b) cured cell
with extended negative electrode and a positive electrode with pinholes.

The pinhole configuration is evaluated on both stacked and simple single layer cells,
and compared. 400 uL of electrolyte is added to the stacked cells, whereas only
200 pL is used for the single layer cells. EIS is conducted on all cells prior to
conditioning.

3.1.4 Stage 4: Repeatability test of revised design

Finally, in stage 4, a revised design is evaluated with a repeatability test, with the
possibility of aircraft implementation.

This stage includes the additional drying stage from stage 3 and keeps the
pinhole concept of the positive electrode foil. Double layer cells are abandoned in
favour of simple, single layer cells. Manufacturing uses larger vacuum bags in order
to manufacture several cells at the same time. In this stage, four vacuum bags of
cells are completed, three of which use the larger vacuum bag capable of fitting six
cells, pictured in Figure 3.5. The first large vacuum bag, uses a two inlet and two
outlet configuration, whereas the last two use a two inlet one outlet configuration.
This means a total of 20 manufactured cells, of which 18 are tested.
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Figure 3.5: (a) Infusion of a large vacuum bag using two outlets and two inlets,
(b) cured cell from the larger vacuum bag infusion of stage 4.

As in stage 2 and 3, an additional 200 uL of electrolyte is added in the pouching,

and EIS is performed before each cell is conditioned.

Table 3.1 provides an overview of the cells tested in Stage 1-4, and their
sizes and stacking concepts. In the table, Stack concepts "Z" denotes a Z-stacking
configuration, and the "#L" notation describes the number of layers, whereas in
Cell ID, SL denotes "Single Layer" and DL "Double Layer".

Table 3.1: Testing protocol for cell concepts.

Cell ID Stage (iifr?) Stack Concept Tgisng TeNsié d
DL 1 30x30 7, 2L After GCD 4
DL1_SLOW 1 30x30 Z, 2L After GCD 1
SL1_SLOW 1 30x15 7, 2L After GCD 1
4L 1 30x15 7, 4L After GCD 1
DL _NMC 1 30x30 Z, 2L After GCD 1
SL NMC 1 30%x30 1L After GCD 1
DL SLOW_R 2 60x15 7, 2L Before GCD 14
SL1 3 50x15 1L Before GCD
DLP 3 50x 15 Z, 2L Before GCD
SLP_ R 4 50x15 1L Before GCD 16
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3.2 Aircraft structures-design and manufacturing

3.2.1 Fuselage

The original aircraft fuselage is a balsa wood circular tube with a mass of
approximately 12 g. However, this design is not suitable for the integration of
structural batteries due to additional complexity of its circular geometry. Hence,
the possibility of having a composite fuselage that can integrate structural batteries
as a structural member as well as energy storage is explored. Since structural
batteries are easier to integrate into flat surfaces, cross sections with only straight
lines are studied.

A structural C-beam concept initially considered due to the simplicity in
manufacturing had to be discarded due to the lack of torsional stiffness of open
sections. Instead, a triangular beam concept is pursued and found promising. In
this design three sides of the front section of the fuselage have structural batteries
as part of the structure.

The fuselage is a triangular beam with a 25 mm equilateral triangle cross
section in the front and tapers to a 10 mm equilateral triangle with the bottom
side rounded out as shown in Figure 3.6.

(a) (b)

Figure 3.6: (a) Isometric view of the triangular fuselage, (b) side view of the
triangular fuselage.

For future integration, it is intended that structural batteries should be integrated
into the fuselage by embedding them into the 25 mm wide section of the fuselage.
Individual structural batteries, each 50 mm long and 15 mm wide, can be grouped
into segments. Within these segments, the structural batteries can be mechanically
bonded together to improve load transfer capabilities and electrically connected in
parallel to increase capacity. Three of these segments can be mechanically bonded
to three sides of the triangular beam to form a section, and connected in parallel
to further increase capacity. Three of these sections can run along the fuselage
and can be electrically connected in series to match the voltage requirements of
the motor. The idea is that this will result in a multifunctional component that
simultaneously serves as a primary load-bearing structure and an energy storage
device. This concept is illustrated in Figure 3.7.
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Figure 3.7: Visualisation of the structural battery pack concept with segments,
sections, and the structural battery pack.

The fuselage is manufactured as a monocoque using two negative moulds, one for
the ‘V’ section and one for the top face. The V-section negative mould is made
using resin infusion on a 3D-printed pattern using Textreme® spread tow plain
weave carbon fibre [28] and NM693 Infusion Epoxy [29] followed by post curing
at 150 °C for 4 hours to raise the glass transition temperature of the epoxy to
168 °C. Manufacturing of these parts can be seen in Figure 3.9.
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(a) (b)

Figure 3.8: (a) Pattern 3D printed in PLA, (b) resin infusion, (c¢) and cured
negative mould of the V-section.

A flexible carbon fibre sheet is used as the negative mould for the top face, as the
top face is pre-dominantly flat with some slopes. The material used in the fuselage
is VTC401-C94G-PW-HS-1K-48%RW [30], which is a high strength 1K plain weave
carbon fibre prepreg. A layup of [£45] is used throughout the fuselage, except at
the front section where structural battery integration happens, where a layer of
cellulose separator is added on the inside to isolate the conductive carbon fibre skin
from the structural batteries and prevent leakage currents.

The fibres are initially laid up on the V-section. A self releasing tubular bag is
placed in the hollow section, followed by closing the carbon fibre triangular loop. The
flexible plate is then placed on top and an envelop vacuum bag is made that interfaces
with the tubular bagging film inside. This ensures that there is consolidation on all
three sides and corners when the autoclave applies an overpressure of 6 bar.

3.2.2 Wingbox

The wingbox is designed to be aerodynamic and light while providing enough
strength to withstand load transfer from the wings. The MB253515 aerofoil [31]
appears as a suitable candidate due to its low drag characteristics at the aircraft’s
operating reynolds number ranges. The wingbox has a chord of 130 mm and span
of 10 mm along with a 5° draft angle on the side faces as shown in Figure 3.9a to
facilitate manufacturing. A layup of [£45] with local [£45] reinforcements at the
wing spar attachment points is used.
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(b)

Figure 3.9: (a) CAD model of the wingbox mould, (b) 3D printed mould wrapped
in PTFE tape for release properties.

3.2.3 Motor attachment

The motor is attached to the front of the fuselage and has mounting holes
corresponding to the motor design as shown in Figure 3.10. The attachment also
acts as a front bulkhead for the fuselage and protects internal components in the
event of a crash. A layup of [(0/90),] is used and the attachment is glued to the
fuselage using Loctite 401.

Figure 3.10: Sketch of the motor attachment/front bulkhead in CAD.

3.2.4 Stabiliser attachments

The vertical and horizontal stabiliser attachments are made to be as light as
possible while being capable of withstanding the shear and bending loads produced
due to the tension in the rubber band which attaches to it.

A flat double hook structure as shown in Figure 3.11 is made using the 1K
plain weave prepreg and Divinycell H60 foam core [32] with a [(£45)/1mm H60
core/(£45)] layup. The +45 plies provide the shear strength while the sandwich
structure enhances bending stiffness of the part. It is mounted to the fuselage by
gluing the middle section using Loctite 401.
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Figure 3.11: Sketch of the double hook stabiliser attachment.

3.3 Propeller and motor selection

Due to the broad use of BLDC in RC applications, and its small size and high
efficiency, it is chosen as the preferred motor. The motor, along with a small ESC is
purchased off the shelf. Low weight is of the highest priority, but an unreasonably
high KV-rating will not play to the advantage of the system efficiency, as such
motors are made for quadcopters and not fixed wing aircrafts. Hence, the lightest
available BLDC motor for fixed wing applications was chosen, the T-HOBBY
AM20 F3P Airplane Brushless Motor, which has a KV rating of 1500, and a mass
equivalent to the rubber motor it replaces, of 10 g. Based on the benchmark tests
from the supplier, this motor provides a better thrust with the same power [23], [33].
The AM20 BLDC Motor has a 2s LiPo rating, which is equivalent to 8.23 V in
the suppliers benchmark tests. This means that a 3s configuration of structural
batteries is necessary, providing 8.4 V of nominal voltage in the pack.

In order to select a suitable propeller for the application, the thrust requirements
from the aircraft is modelled using a python script. The wing has a span of 800 mm
and a chord of 105 mm. The aerofoil used in the wing provided by Elitkomposit
was not identified, but work done by Michael Selig et al. on Free Flight aircraft
aerofoils [31] indicates that the L/D ratio of these aerofoils at operational angles of
attack is approximately 20. To account for parasitic drag caused by the propeller,
fuselage, and the stabilisers, the estimated L/D for the calculations is reduced to 19.

Assuming a conservative final weight of 100 g for the aircraft, it is found
that a thrust force of 5.3 g is required to maintain the aircraft at cruise. From

Equation 2.12, the velocity of the aircraft at cruise is calculated as 6 ms™.

The UIUC Propeller Database [34] maintained by the University of Illinois at
Urbana-Champaign (UIUC) contains wind tunnel measurements for approximately
70 small scale propellers, with the recorded data including coefficients of thrust,
power, and torque for these propellers at a wide range of advance ratios and speeds.
Calculations done for multiple propellers using Equations 2.16 and 2.18 imply the
DA4052 5x4.92(+5 deg) as the best candidate since it provides a thrust of 5.37 g
at 3800 rpm at a forward velocity of 6 ms™'. APC Freeflight 4.2x4 [35] is found to
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be the best off the shelf propeller.

3.4 Propeller design, manufacturing and testing

Since DA4052 5x4.92(+5 deg) is not a commercially available propeller [36], a 3D
model of the propeller is made using the geometry data available in the UIUC
database as shown in Figure 3.12.

(b)

Figure 3.12: (a) Front view of propeller in CAD, (b) isometric view of the propeller
in CAD.

Sample propellers as shown in Figure 3.13 made using Fused Deposition Modeling
(FDM) and Selective Laser Sintering (SLS) 3D printing does not provide satisfactory
leading and trailing edges. They also have a mass of approximately 4 g, which is
excessive for a propeller of this size.

(a) (b)

Figure 3.13: (a) SLS 3D printed blade, (b) FDM 3D printed blade.

Therefore, it is decided to make the propeller out of carbon fibre composite.
Figure 3.14 shows the CAD model of the mould and the final milled mould.

Conventionally, composite propellers are made using a 2-part mould, but since the
cross section of the blade is very thin, it is decided to only make one mould using
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the suction side of the blade and let the thickness of the composite layup form the
pressure side.

(b)
Figure 3.14: (a) CAD model of propeller mould, (b) mould milled in Al6061-T6.
A central insert 3D printed out of PC Blend HT LCF [37] from add:north filaments

as shown in Figure 3.15 acts as both the propeller hub and as an integrated core
extension into the blade root region.

(a) (b)
Figure 3.15: (a) CAD of propeller hub insert, (b) 3D printed propeller hub insert.

A layup of [(£45)/(0/90)/(£45)] is used, with the first layer underneath the hub
insert acting as the bottom skin, the second layer flush with the hub insert, and
the final layer as the top skin of the hub root as shown in Figure 3.16. Due to
geometrical inaccuracies in 3D printing, some local reinforcements are added at the
blade root region to provide support to the hub during autoclave curing.
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Figure 3.16: Layup of propeller skin — left blade has the bottom skin only, while
right blade has the bottom and middle layers.

A static thrust measurement set-up is built in-house to test the thrust of various
propellers in static conditions and compare them with the UIUC Propeller Database
measurements. The setup involves making a lifted mounting bracket for the motor
and propeller with a transparent base plate as shown in Figure 3.17. Thrust is
measured in g by keeping the setup on top of a weighing scale and running the motor
and propeller using a AIM TTI PL303QMD power supply, which also measures
the current drawn by the motor. The speed of the propeller is measured using a
Lutron DT-2249 Digital Stroboscope, and thrust is measured using a KERN PLS
weighing scale for a wide range of speeds and throttle percentages. This test rig has
some sources of inaccuracies like the motor mounting member disturbing the airflow
behind the propeller and the extra up force created due to the pressure difference
between the suction area (the area between the motor mount and base plate) and the
region underneath the base plate. But these errors were deemed to be of acceptable
amounts since the goal of the study is to compare different propellers to each other
and to the UIUC calculated values and to derive realistic values of current drawn
by the motor during flight.
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(a) (b)

Figure 3.17: (a) Propeller test rig, (b) propeller test rig in action with the
stroboscope and weighing machine.

3.5 Electrical topology and design

After propeller and motor testing have provided an estimated current requirement,
the electrical topology, including the battery pack design, can be determined.
To maintain a low weight, and a good fit into the fuselage, a compromise has
to be found between maintaining a decent discharge rate, while keeping the
manufacturing effort at a reasonable level, and simplifying cell integration and pack
complexity.

In order to control the chosen 3-phase BLDC motor, a recommended ESC is
chosen commercially. The T-HOBBY AMI16A is chosen due to its low mass of 1.1
g and suitability for the 8.4 V system. However, implementation of the ESC means
that the system needs additional functions to work. Firstly, the inverter of the ESC
has a high capacitive load, leading to a high inrush current during start-up. Hence,
a pre-charge is necessary, in order to not put a too high load on the cells.

The pre-charge design is evaluated in Analog Devices free circuit simulation
tool LTSpice, and uses a P-channel MOSFET and a capacitor between gate and
source, which causes the gate voltage to slowly move from the resistive area into
a steady state voltage determined by how the two resistors are chosen. The final
design can be seen in Figure 3.18.
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Figure 3.18: Circuit schematic of the transistor-based pre-charge used when
starting the ESC.

Secondly, the ESC itself needs instructions on how the motor should be controlled.
In order to start the motor, the ESC firstly needs to arm, which means a 1000 us
pulse is sent at 50 Hz. When this procedure is completed, a longer pulse is sent
to start the motor. This pulse can be between 1000 ps and 2000 ps depending
on the desired speed [38]. This procedure is validated using an Arduino and the
servo library to calibrate the ESC and test the desired power sequence of the
system. However, an Arduino is not suitable to have on the aircraft, due to its
large size and weight, its high current use, and the fact that it is oversized in
terms of computational complexity. Hence, the same processor used for the torch
demonstrator, an ATMega328PB, is used for this purpose. The ATMega also
supports hardware PWM, meaning that the PWM signal is configured into the
hardware, and then runs continuously without any intervention from the software.
The ATMega328PB operates using 5 V logic, which means that it can be powered
from the BEC system of the ESC [39].

After ensuring that the motor can be properly operated, it now needs to be
confirmed that the cells can be protected and that the motor is turned off when
the pack voltage is too low. As the system has a 3-series cell configuration,
voltage monitoring of the pack alone is not sufficient. Each cell group connected
in series, needs its own monitoring. This monitoring can also be performed using
the ATMega processor. However, as the ATMega runs on 5 V, these measurements
have to be voltage divided to below 5 V in order to not break the processor. By
using 10 k2 and 27 k{2 resistor, the voltage can be scaled down by 2.74 times, and
hence go from a maximum of

10.65
3.55V-3=10.65V = CX7N 3.95V (3.1)

which brings down the voltage well below the critical 5 V. This final configuration is
illustrated in Figure 3.19, where Up,e, connects the ATMega to the voltage divided
full pack voltage, Ucgr 12 the lower two cell groups, and Ug gy, 1,3 monitors the bottom
group. The full cell voltages are connected to the corresponding TestPoints (TP).
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Figure 3.19: Voltage division for cell monitoring, where TP indicates where each
cell is connected, and Upack, Ucgrre and Ucgrrs are the nodes at which the
ATMega measures the voltage.

The ATMega can then be programmed to cut-off when any of the cells reaches
their critical lower voltage cut-off limit, and if a testbench flight is made, a
UART-connection can be made to the processor to plot and view how the voltages
change during operation.

In conclusion, a separate custom designed circuit board, which handles pre-charging,
cell monitoring, and low-voltage cut-off, can in combination with the ESC and
BLDC Motor handle all electrical system functions on-board the aircraft. However,
during charging, simple monitoring is not sufficient. If one cell group were to be
fully charged before the others, the charging must be by-passed to allow the other
cells to fully charge. The most simple set-up is chosen, which is to simply perform
passive balancing during charging, using the Texas Instruments BMS evaluation
board BQ76942EVM. This evaluation board, provides a computer interface to
monitor and log the charging process of the battery pack if desired [40].

Finally, as the Texas Instruments Module provides no control of charging current
or voltage, a 230 VAC to 12 VDC Wall connector is used, and connected to a
programmable DC-DC converter, to more conveniently control the charging of the
aircraft. Using an upper current limit and a set voltage, a CC-CV charging of the
cells can be performed.

The final electrical system topology is summarized in Figure 3.20, with the system
separated into external charging circuit and on-board system.
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Figure 3.20: Illustration of the complete electrical topology for the aircraft.
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Results and Discussion

The following chapter describes and analyses the results of the cell evaluation and
manufacturing, and the electrical and mechanical system design.

4.1 Cell performance

The following section describes the results from each cell manufacturing stage, and
discusses the key takeaways.

4.1.1 Results from stage 1

NMC-foils are used both as single layer and double layer cells. Notably, the
NMC-foils used as an alternative positive electrode do not activate in the SBE
system, which means that this approach can quickly be abandoned.

The double layer cell, with a z-stacked separator and a PE-NE-NE-PE configuration,
proves to be the simplest to produce, as the separator keeps the negative electrode
safely wrapped and protected from short circuits. This also minimises the problems
from static electricity caused by the cellulose separator. With this method, stacked
cells can be manufactured with a good success rate.

DL2 exemplifies the best performance from this configuration, with a GCD
capacity of 7.5 mAh, and a CC-CV charge capacity of 8.3 mAh. Based on the
GCD capacity, this gives an energy density of 29.9 Whkg™!. The data for DL2 is
presented in Table 4.1.

Table 4.1: Performance of a double layered z-stacked cell.

C/20 GCD Mass Energy Density

Cell 1D Capacity (mAh) (mg) (Wh kg™1)

DL2 7.5 702 29.9

The full CC-CV charging of DL2 can be seen in Figure 4.1.
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Figure 4.1: CC-CV charging procedure of DL2.

This shows that z-stacked cells are capable of delivering good electrochemical
performance. The stacked cell and single layered cell with a dwell time before
curing proves to give a very good capacity after conditioning. The GCD at C/20
after ten cycles is given in Table 4.2, along with the cells mass and energy density.

Table 4.2: Performance of cells fabricated with dwell time.

C/20 GCD Mass Energy Density

Cell 1D Capacity (mAh) (mg) (Wh kg™1)
DL1_ Slow 6.4 683 26.2
SL1_Slow 2.3 263 24.5

These cells also prove to have the best impedance, with very low charge transfer
resistance R, and ohmic resistance Rq after conditioning. The DL1_SLOW cell
shows three semi-circles, which makes it more difficult to find the EECM. The
impedance spectra is seen in Figure 4.2.
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Figure 4.2: EIS from double layered cell with dwell time.

The low resistance values are of great importance when optimising for power, as the
IR-drop can be reduced significantly. This, along with the consistency in terms of
performance between the two cells with a dwell time, makes it a suitable candidate
for the aircraft.

However, extending the stack to a four layer configuration proves to come at
a cost of impedance, although cycling ten GCD cycles successfully. The GCD
cycling of the four layered z-stacked cell along with its impedance spectra after
cycling is seen in Figure 4.3.
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Figure 4.3: (a) GCD discharge capacity of the four-layered cell during the ten
conditioning cycles, with significant IR drops due to the high impedance, (b)
impedance of a four layered z-stacked structural battery, indicating that further
increase of layers comes with a cost in terms of impedance.

In Figure 4.3, it is clear that the impedance growth is causing significant IR-drops
when charging and discharging, affecting the usable capacity. Table 4.3 shows the
key results, indicating that the capacity and subsequently the energy density are
inadequate. Notably, a slower CC-CV charging allows a charge capacity of up to
3.5 mAh, which confirms that the usable capacity is primarily limited by the IR
drop. However, these slow discharge conditions are not to be expected in an aircraft
application. Hence, the double layered cell with dwell time is selected for use in a
repeatability test, as this topology provides better high power suitability.

Table 4.3: Performance of four-layered z-stacked cell.

C/20 GCD Cell Mass Energy Density

Cell ID Capacity (mAh) (mg) (Wh kg™1)

4L 1.5 916 4.6

However, it should be noted that the lower reported energy density in Table 4.3 is
likely also affected by a more difficult manufacturing process. The small electrodes
and the repeatable folded cellulose likely cause a higher cellulose parasitic weight,
and non-ideal alignment of the electrodes.

4.1.2 Results from stage 2

Stage 2 proceeds with the z-stacked layout including a dwell time but a revised

dimension of 15x60 mm. DL SLOW_R2, DL SLOW_R8 and DL_SLOW_R9
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exemplify the general performance of the cells and their first ten cycle discharge
capacities along with their EIS spectra before cycling are presented in Figure 4.4.
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Figure 4.4: (a) The cycling discharge capacity of DL._ SLOW__R2 over the first ten
cycles, (b) the impedance for DL SLOW__R2 before conditioning, (c) the cycling
discharge capacity of DL_ SLOW__RS8 over the first ten cycles, (d) the impedance
for DL__SLOW__R8 before conditioning, (e) the cycling discharge capacity of
DL_SLOW_R9 over the first ten cycles, (f) the impedance for DL_SLOW__R9

before conditioning.
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The first cycle failure, which leads to ten GCD cycles being performed
instantaneously, was first thought to be related to the very high R.; values notable
for the cells in Figure 4.4b, 4.4d, and 4.4f. Hence, two cells are manufactured using
a negative electrode which extends outside of the positive electrode, to improve SBE
wetting. Similarly, another cell with the similar failure mechanism, is altered and
has its positive electrode narrowed. Its cycling performance before and after this
modification, along with its impedance spectra before and after the modification, is
shown in Figure 4.5.
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Figure 4.5: (a) Capacity of DL SLOW_ R3 before and after positive electrode
size reduction show that improvement is negligible on a pAh scale, (b) impedance
change after positive electrode size reduction.

The original topology significantly impairs carbon fibre wetting. = However,
addressing it with a positive electrode which is reduced in its size does not restore
stable cycling behaviour, as the discharge capacity is within a negligible magnitude,
although it significantly improves R.. Hence, the cell design for an aircraft needs a
design revision.

4.1.3 Results from stage 3

For stage 3, the problem of fibre wetting is further addressed by including pinholes
in the positive electrodes. Additionally are the positive electrodes reduced in size
compared to the negative electrode, with a positive electrode size of 40x15 mm and
a NE size of 50x15 mm. Figure 4.6 shows the EIS of selected cells, with DLP1,
DLP2 and DLP3 being double layered cells, and SLP2 and SLP3 being single layer
cells. Although the impedance values show greater consistency among the cells, the
cycling performance proves inadequate, with only a single double layered cell and a
single layered cell successfully cycling ten cycles and subsequent full CC-CV charge.
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Figure 4.6: Impedance of selected double layered and single layered cells from
stage 3 before conditioning.

With a larger total electrode area, the double layer cells show an improved R
and a reduced Warburg impedance tail. However, activation and cycling of these
cells are less successful, with only DLP1 successfully cycling. This indicates that
an encapsulation effect from the aluminium foil still occurs, and that there is a
problem with mass transport. A simplified single layered layout is chosen for stage
4 repeatability tests to minimize complexity.

4.1.4 Results from stage 4

Stage 4 proceeds with a simplified single layer layout to avoid further complexity
and failures. Pinholes in the positive electrodes are kept, and a larger negative
electrode is also manufactured to maximize the SBE wetting. SLP_R2, SLP_R3,
and SLP__R7 exemplifies the performance of the cells manufactured in this stage,
and their GCD cycling of ten cycles and impedance before cycling can be seen in
Figure 4.7.
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Figure 4.7: (a) GCD cycling discharge capacity of SLP_R2, (b) impedance
of SLP_R2, (¢) GCD cycling discharge capacity of SLP_R3, (d) impedance

of SLP_R3, (e) GCD cycling discharge capacity of SLP_R7, (f) impedance of
SLP_RT.

Although a great consistency improvement is seen in terms of impedance, only two
out of 18 cells successfully cycles the ten cycles of conditioning, one of which is
the SLP_R3 seen in Figure 4.7c. Hence, EIS as a characterisation method does
not give any indication whether a cell will work. However, more than 50% of all
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cells successfully activate and cycle one full charge-discharge cycle before failing. A
visual inspection is conducted of one of the failed SLP R cells to investigate why
the failure reliably occurs for a majority of the cells. The opened cell can be seen in
Figure 4.8.

Figure 4.8: Photograph of opened from stage 4, shows a cured but dry negative
electrode.

Figure 4.8 indicates that the fibres of the negative electrodes are cured but dry,
with few signs of electrolyte. This is very likely to cause mass transportation
problems that lead to the spiking behaviour seen in the cycler.

The insufficient wetting may be explained by the fact that the cellulose separator
is thinner and less porous than the Whatman separator used in the first-generation
structural battery cells, leaving less free volume for SBE uptake and slower resin
penetration. In the all-fibre structural battery, which uses the cellulose separator,
the carbon fibre positive electrode provides additional internal surface area and
pore space that can absorb and distribute the SBE, which is not available in the
present first-generation configuration. As a result, the present cell design may
experience incomplete impregnation and insufficient SBE matrix formation, leading
to early failure after initial activation and cycling.

For the reason described above, it is concluded that the next generation of

structural batteries, the all-fibre battery, should be used in the demonstrator, to
provide a more robust cell architecture.

4.2 Aircraft structural design

The various manufactured components are pictured in Figure 4.9 and a bill of
materials (BOM) of all in-house manufactured aircraft structures in Table 4.4.
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(e)

Figure 4.9: Manufactured (a) propeller, (b) fuselage, (¢) wingbox, and (d) stabiliser
mounts, (e) motor attachment.

46



4. Results and Discussion

Table 4.4: BOM of all in-house manufactured structures.

Mass per Unit Total Mass

Part Name No. of Units
() ()
Propeller 1 1.692 1.692
Fuselage 1 11.151 11.151
Wingbox 1 1.196 1.196
Horizontal Stabiliser Mount 2 0.050 0.100
Vertical Stabiliser Mount 2 0.050 0.100
Motor Attachment 1 0.100 0.100
Total 14.339

Information about all bought parts and parts donated by FErik Kullgren from
Elitkomposit can be found in Appendix A.

4.3 Propulsion system design

The electrical topology in its entirety can be viewed in Figure 3.20. The custom
components — regulator, bulk capacitors, pre-charge circuit, and cell monitoring —
are gathered onto one PCB.

4.3.1 PCB evaluation
Figure 4.10 shows the final PCB and where each function is handled.

Programming/ BEC+, BEC-
Logging Signal

Figure 4.10: PCB overview with all implemented functions.
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The pre-charge, located right by the pin socket for the main switch, which limits
the current from the batteries to the speed controller and the bulk capacitors when
the main breaker is turned on, is evaluated by measuring the inrush current before
and after implementation. Figure 4.11 shows the difference using a power supply as
the power source.
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Figure 4.11: ESC start-up current before and after pre-charge implementation.

This confirms the need for the pre-charge circuit, and that the reduction is
significant and can reduce the load of the cells when capacitors on the speed
controller and PCB are being charged.

To verify that the ATMega provides a correct speed signal to the ESC, measurements
were taken both before and after the ESC start-up. These measurements were then
compared to the pulse widths recorded for various throttle settings when the ESC
was driven by the Arduino. The reference measurements from the Arduino for
selected throttle signals are presented in figure 4.12.
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Figure 4.12: Oscilloscope measurements from the Arduino speed signal for different
throttle signals.

Since the ATMega on the PCB behaves identically to the Arduino benchmark
during start-up, and the pulse widths observed on the oscilloscope are the same,
it can be concluded that the ATMega is capable of reliably starting the aircraft
propeller. Furthermore, the transition from arming to start-up has been verified to
work correctly using the launch signal button.

The cell monitoring is tested using a cell simulator of three 10 k{2 resistors
connected in series on a breadboard. By connecting a monitoring cable to each
resistor, the cell voltage is measured of each simulated cell. The monitoring is
tested with a power supply where the voltage is slowly decreased. The measured
voltages can be seen in Figure 4.13.
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Figure 4.13: Voltage monitored by ATMega328PB in cell simulator circuit.

Notably, this test also shows automatic cut-off by the ESC when the voltage
reached 7 V, indicating that the programmed full pack cut-off voltage never has to
step in. The PCB hence only needs to act as an additional layer of safety and as a
cut-off if one of the series connected cells falls below 2 V before the others.

It can be seen that the scaling of the voltage is not perfect, as there is a
4 V step from cell two to the full pack voltage, and that cell one only has
approximately 2 V. This can likely be due to the large tolerances on the resistors
used in the cell simulator. Ideally, the scaling factors in the ATMega328PB should
be calibrated as batteries are connected.

4.3.2 Electrical dimensioning of structural battery pack

As stage 1 concludes, the impedance data from the chosen cell design, seen in Figure
4.2 is used to design the electrical system and estimate the required capacity of the
structural battery pack. Using three series connected cell groups, each with nine
parallel connected cells with R, =40 Q, Rg = 27 Q and Cy = 20 uF, the IR drop was
simulated, using an assumed target motor current of 140 mA. The simulated circuit
with values calculated from equations 2.5-2.10 is seen with its resulting voltage
response in Figure 4.14. The resulting capacity of the pack, is based on the GCD
cycling approximately 58 mAh.
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Figure 4.14: (a) The resulting simulated IR drop from a 9p3s structural battery
pack based on a Randles fit, (b) the simulated Randles circuit with calculated values.

This configuration assumes each cell is fully charged to 3.55 V. The IR drop is
significant, but the voltage is kept at a level that is very suitable for the motor and
ESC. However, the voltage will continue to rapidly decrease, as the high discharge
current, equivalent to approximately 2C, will have a significant negative impact
on the usable capacity in the batteries. Although the simulation gives no exact
indication of the flight time, it can be seen that the terminal voltage seen by the
ESC is sufficient to drive the motor at start-up. Hence, this cell configuration is
used as a foundation when designing the fuselage and other surrounding systems.

4.3.3 Propeller performance evaluation

The measured thrust, speed, and current for the APC freeflight propeller bought
off the shelf, the 3D printed DA4052 5x4.92(+5deg) propeller, and the carbon fibre
in-house manufactured DA4052 5x4.92(+5deg) propeller along with the calculated
thrust using the UIUC database values can be seen in Figure 4.15.
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Figure 4.15: Performance of (a) composite DA4052 5x4.92(+5deg) propeller, (b)
3D-printed DA4052 5x4.92(+5deg) propeller, (¢) APC Freeflight 4.2x4 propeller.

The difference in measured thrust and calculated thrust for the OTS propeller
and composite propeller is in the range of margin of error, due to the limitations
in the least count of the stroboscope, and due to inaccuracies in the test setup
as discussed in Section 3.4. As expected, the 3D printed propeller performance
diverges from the calculated performance due to the suboptimal geometrical
accuracy the manufacturing method provides.

Interpolations of the current drawn by the motor under flight conditions for the
CF propeller can be made by comparing the static power coefficient C'pg with the
power coefficient C'p at the same rotational speed under forward flight. At 3800 rpm
in static conditions, the current is approximately 340 mA as seen in Figure 4.15a
and Cpg is 0.109. At a speed of 3800 rpm and forward velocity of 6 ms™!, the Cp
is 0.045. Assuming constant voltage and motor efficiency between these operating
points, the current scales proportionally with Cp according to Equation 2.18, giving
current drawn during cruise as 140.4 mA. This is a realistic number that can be
used for making initial design calculations.
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Conclusion and future work

This thesis has concentrated on developing a platform for a flying structural battery
demonstrator, including all necessary subsystems, using the first generation of
structural battery cells. The results demonstrate that this first generation, which
employs a cellulose separator, is not suitable for use in an aircraft demonstrator
because it lacks long-term electrochemical stability. Furthermore, the decision to
restrict the project to commercially available electrodes as a time-saving strategy
turned out to compromise not only the MFE but also the electrochemical reliability.

The finalised closed v-section aircraft structure prove the best for structural
battery integration, due to the three sides offering flat surfaces for cell integration.
The closed shape also provides the best mechanical properties, meaning that the
aircraft can be kept light without the risk of mechanical failure.

While no major conclusion should be drawn from the cell results, due to the
lack of robustness in the foundational cell topology, the stacked cells provide good
power capabilities and energy density during the first stage of cell testing. This
means that it could potentially be the best cell design for the aircraft demonstrator,
although it must be re-evaluated if a new foundational cell topology is used, such
as the all-fibre battery.

The electrical system gained a major advantage from using a commercial
speed controller and motor, as the broad radio controlled hobby market offers a
great deal of lightweight equipment. This meant a great amount of time could be
saved. By designing a custom cell monitoring based on the minimum requirements
for safe operation, and using only a pre-programmed speed sequence, the remaining
electronics could be designed to minimzie complexity and weight, as indicated by
the BOM. This played well with the demonstrator’s performance requirements,
as a low weight significantly reduces the current which has to be drawn from the cells.

Nevertheless, the final mechanical and electrical setup, which together constitute a
complete flight platform, offers a strong foundation for future work using the latest
generation of structural batteries. Drawing on the propeller benchmarking data,
and assuming the power coefficient is reduced by half under dynamic conditions,
the expected current consumption is estimated to be around 140 mA, for a
conservatively assumed final aircraft mass of 100 g. This low current demand is a
result of the successful lightweight design of all components, from the fuselage and
propeller to the PCB.
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5. Conclusion and future work

Looking ahead, it would be highly valuable to test the cell formats presented
here with the all-fibre structural battery, since the few double-layered cells that
exhibit long-term electrochemical stability with the commercial LFP foil also
display promising impedance characteristics and cell-level energy density. Now that
cells can be produced using larger glass panels, exploring larger cell formats is also
of great interest, as this would further reduce the mass fractions of the separator
and current collector, thereby increasing cell-level energy density and lowering the
overall system weight.

Additionally, future work could include estimating the expected flight time.
The all-fibre battery is well-documented in terms of capacity retention at various
C-rates. This information could be incorporated as an extra design parameter for
the final structural battery pack to achieve the optimal trade-off between weight
and flight time.

Another open challenge, that could not be tackled in this work due to the
absence of sufficiently functional cells, is the development of a lightweight structural
encapsulation of the cells to prevent moisture and oxygen ingress into the cells.
Several strategies could be investigated, such as encapsulation via a glass fibre wet
layup, or adding a cellulose or aluminium protective layer within an epoxy matrix
around the cell, which can be directly cast in a silicone mould. These methods are
still largely unstudied but represent promising avenues for future research.
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Figure A.1: (a) Vertical stabiliser, (b) horizontal stabiliser, and (c¢) wings donated
by Erik Kullgren at Elitkomposit



A. Off the shelf, donated, and electronic parts of the aircraft

(a) (b)
Figure A.2: (a) OTS motor, (b) custom PCB

Table A.1: Bill of Materials (11) of all off-the-shelf, donated, and electronic
components

Part Name No. of Units Mass per Unit Total Mass

(8) (8)
Wing 2 8.787 17.574
Horizontal stabiliser 1 5.123 5.123
Vertical stabiliser 1 1.504 1.504
Wing Spar 1 0.262 0.262
Motor + ESC 1 11.100 11.100
PCB 1 4.000 4.000
Rubber bands 3 0.464 1.392
Total 40.955
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