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Nomenclature

Clp kgLl kL Heat capacity of PCM in liquid
phase
Csp Dkl k1 Heat capacity of PCM in solid
phase
D [-] Duty cycle
DMPP, boost | [-] Duty cycle at maximum power point for a boost converter
DMPP, buck [-] Duty cycle at maximum power point for a buck converter
DMPP, buck- | [-] Duty cycle at maximum power point for a buck-boost
DMPP, [-] Duty cycle at maximum power point for a flyback
fs [Hz] Switching
lin [A] or [mA] Input current
lout [A] or [mA] Output current
k [-] Constant
m kgl Mass
M [-] Current transfer function
Mu [-] Voltage transfer function
MU, boost [-] Voltage transfer function of a boost converter
MU, buck [-] Voltage transfer function of a buck converter
MU, buck- [-] Voltage transfer function of a buck-boost converter
boost
MU, flyback [-] Voltage transfer function of a flyback converter
N [-] Turn ratio
ton [s] On-time
toff [s] Off-time
T [s] Switching period
Th [°C] or [K] Hot-side temperature
Tc [°C] or [K] Cold-side temperature
TJECU [°C] or [K] Temperature of JECU
Tpch [°C] or [K] Phase-change temperature
AT [°C] or [K] Temperature difference along the module
ATpeak [°C] or [K] Peak temperature difference
Pel [mW] Electric power
Pel, peak [mW] Peak electric power
Pel, avg [mW] Average electric power
PMPP [mW] Output electric power on maximum power point
Qa U] Available heat
Qc (W] Heat flow through cold side of thermoelectric module
Qh [W] Heat flow through hot side of thermoelectric module
QpPh [W] Peltier cooling on a hot side of TEM
QPc [W] Peltier cooling on a cold side of TEM




Q [W] Joule heating

Rheatsink w.k1 Thermal resistance of heat sink

Rout [Q] Output resistance

Rload [Q] Load resistance

Rin [Q] input resistance

RTEM Q] Thermoelectric module internal resistance
RtTEM [W.K‘l] Thermal resistance of TEM

Uin [V] or [mV] Input voltage

Uload [V] or [mV] Voltage on load

Uoc [V] or [mV] Open-circuit voltage

Uout [V] or [mV] Output voltage

n [-] or [%] Efficiency

aheatsink [W.m-z. K‘l] Convective heat transfer coefficient to ambient air net
ay vk Seebeck coefficient

AC [-] Alternating current

APU [-] Auxiliary power unit

ASN [-] Autonomous sensor node

ASHM [-] Aircraft structural health monitoring system
AASHM [-] Autonomous Aircraft structural health monitoring system
CCM [-] Continuous conduction mode

COTS [-] Commercial-of-the-shelf

DC [-] Direct current

DCM [-] Discontinuous conduction mode

ESR [-] Equivalent series resistance

HUMS [-] Health and usage monitoring system

IC [-] Integrated circuit

LDO [-]

Low dropout regulator




MEMS

Micro electro-mechanical system

MPPT [-] Maximum power point tracking
NDT [-] Non-destructive testing

P&O [-] Perturb and observe

PCM [-] Phase change material

PFM [-] Pulse-frequency modulation
PWM [-] Pulse-width modulation

RF [-] Radio frequency

RFID [-] Radio frequency identification
SHM [-] Structure health monitoring
SMPS [-] Switching-mode power supply
TEG [-] Thermoelectric generator
TEM [-] Thermoelectric module

ULP [-] Ultra-low power

WSN [-] Wireless sensor node
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ABSTRACT

In aircraft structural health monitoring (ASHM) techniques, the sensors deployed are typically
connected using coaxial wires, contributing to the complexity and adding to the weight of the
structure. The Airbus A380, for instance, has over 300 miles of cables consisting of
approximately 98,000 individual wires and 40,000 connectors. However, the introduction of
autonomous wireless sensor nodes (WSN) offers the opportunity to reduce installation and

maintenance costs (Galea and Baker 2001) by reducing the level of wiring necessary.

For WSNs to be truly autonomous, they must derive their power from locally harvested
energy, which must be collected and converted into usable electric power. However, as the
energy availability and power demand are not constant over time, effective energy
management and storage becomes a core system function. For an ASHM system, the energy
storage system should have good cycle-life, less leakage current, operational temperature
range of -40°C to +40°C and without adding significantly more weight to the ASHM system. In
this thesis, thin-film solid state and Li-ion batteries, along with supercapacitors have been
considered as energy storage options. The thin-film solid-state batteries initially considered
were unfortunately discontinued during the period of this research, so it was necessary to use

a standard Li-ion coin cell (LIR 2450) as a replacement.

The disadvantages in powering WSNs using batteries and supercapacitor have been identified
with experimental results. Both Li-ion batteries suffered from voltage drops under pulsed-
load conditions compared with supercapacitors. Supercapacitors have their own
disadvantages, however, such as high leakage current and low energy density compared with
Li-ion batteries. It is shown how 44 ] in a hybrid energy storage unit can extend WSN run time
from 11 hours to 21 hours in comparison with the single supercapacitor with 41 J of energy.
The combined disadvantages of the high leakage current associated with a supercapacitor
and the lower cycle-life of the battery become a limiting factor in such a simple hybrid energy

storage system
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In this Thesis, a novel switched-energy storage architecture is proposed, where the charge
and discharge behaviour of each storage element is individually monitored. In this system,
most of the harvested energy will be stored in the thin-film battery with low-leakage current
0.006 mA and will be used to charge the supercapacitor only when needed. The
supercapacitor services the high dynamic current demand of the WSN and high cycle-life of
the supercapacitor is exploited. Compared with an existing supercapacitor based storage unit
of Airbus ASHM system, approximately 53 % of weight per sensor node can be saved by

adopting to the switched-energy storage unit.
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Chapter 1- INTRODUCTION

1 Introduction

This thesis presents the technologies and approaches used in the development of an
efficient energy storage and power management system for an autonomous aircraft
structural health monitoring (AASHM) application. The work focuses on a broad range of
research studies that are essential in the realisation of such a system. These include
characterisation and experimental analysis of potential storage devices including batteries,
supercapacitors, a simple parallel combination of supercapacitor and battery, as well as a
more complex switched combination of battery and supercapacitor with an associated
switched- algorithm. It is shown how the proposed novel energy storage system can extend

the run-time of a WSN used for ASHM.

1.1 AASHM

Advanced composite structures are becoming increasingly popular in aircraft applications.
The advantages of high strength, stiffness and corrosion resistance make them ideal for
aircraft structures (Staszewski, Mahzan et al. 2009). These composite structures can be
manufactured in large complex shapes for aircraft, which reduces cost but the damage
caused by aircraft during operational service may lead to severe degradation of structural
integrity. As a result, such structures are typically over-engineered to cater for such

damage and are subject to costly inspection and maintenance regimes.

Significant research has been carried out in a range of SHM technologies in recent years.
However, the application of SHM onboard an aircraft is still a challenge, with specific
requirements on the SHM system design and operation. The challenges include
installation of sensors, power cables, robust damage detection and decision-making

capabilities. Further, minimization of weight and dimensions, system reliability
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anddurability also need to be addressed. Due to these challenging requirements, SHM has

yet to be widely implemented in the aerospace industry.

Wireless sensor nodes (WSNs) represent one potential technology that can help advance
the field of structural engineering’s ability to realise SHM economically (Flynn and Todd
2010). Interest in WSN was initially motivated by their low-cost attributes. AASHM has an
advantage of low-cost installation as it does not require power and signalling cables. These
low costs promise wireless monitoring systems defined by greater nodal densities as
compared to traditional tethered monitoring systems. Thousands of wireless sensors can
be installed in an aircraft structure, and they can be used to monitor the behaviour of

critical structural components, thereby implementing local-based damage detection.

For full advantage of these sensor systems to be realised. However, they need to be truly
wireless, and hence self-powered by locally harvested energy. When energy harvesting is
used in aerospace applications, thermoelectric devices are the preferred option (Samson,
Kluge et al. 2010) due to the relatively high levels of energy available in comparison to
other types of harvesting, such as vibration. Energy can be harvested in various parts of
the aircraft from the temperature gradients between the internal parts of the aircraft,
such as cabin, engine compartment, fuel tanks, and the fuselage. The ‘raw’ energy
available from a thermoelectric energy generator (TEG) depends completely upon the
degree and polarity of the temperature gradients available. In order to supply the
required power throughout the aircraft’s flight cycle, the power management system

employed needs to be able to condition and manage the harvested energy efficiently.

Energy storage is a critical element in aerospace applications as energy harvesting is not
possible throughout the entire flight cycle. Whereas batteries are usually the preferred
choice for energy storage element, it is also possible to use supercapacitors. Although
supercapacitors have a lower energy density and higher leakage than batteries and

therefore cannot provide sufficient long-term energy, they have the advantage of
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higherpower density and can provide for example the high instantaneous current
required to initialize or wake the WSN. For an ASHM system, the energy storage elements
used should have longer cycle-life and less leakage current. Another significant
consideration is operational temperature; for example, depending upon the aircraft
location and altitude, this can be expected to vary typically over a range of -40°C to +40°C.
In this thesis, the operational behaviour of both battery and supercapacitor energy
storage elements are characterised by charging and discharging over an 80-minute cycle,
in the temperature range of -40°C to +40°C. It is recognised that for short-haul flights,
typically 80 minutes in duration, the temperature variation will be relatively dynamic,
whereas, for long-haul flights, assumed here to be a maximum of 13 hours and 40

minutes, significant temperature differences may only be apparent over an hour or so.

Solid-state thin-film batteries are preferred for ASHM as they have longer cycle-life, less
leakage current and do not suffer from dendrites as is the case for a standard Li-ion
battery technology. The thin-film solid-state batteries initially considered were
unfortunately discontinued during the period of this research, so it was necessary to use
a standard Li-ion coin cell (LIR 2450) as a replacement to demonstrate the novel aspects
of switched-energy storage. It is important to stress that the LIR 2450 battery is not a
preferred choice for real-time ASHM application due to its low cycle-life, with an
operational temperature range -20°C to +45°C and according to the industrial sponsor
who have funding this work may well be affected by the build-up of problematic

dendrites.

Combining both battery and supercapacitor elements into a hybrid energy storage
solution can provide both energy and power density to the wireless sensor node
simultaneously and is, therefore, an excellent potential solution for a low power WSN
(Thangaraj, Elefsiniots et al. 2013, Thangaraj, Elefsiniots et al. 2014). There are
disadvantages, however: Firstly, the relatively high leakage current associated with the
supercapacitor provides a discharge path for the parallel connected battery. Secondly, a

battery typically has a much shorter useful life cycle than the supercapacitor. In a hybrid
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system, as the battery reaches the end of its useful life, it will reduce the efficiency of the

system and will need to be replaced.

By individually monitoring the charge and discharge behaviour of each storage element,
an intelligent storage controller can switch between the units to minimise the number of
battery charge and discharge cycles. To evaluate the advantage of the switched-energy
storage unit, a scenario of monitoring of aircraft structure around the cargo door using a
wireless strain sensor powered by thermoelectric energy harvesting is assumed. A
thermoelectric energy harvesting profile (Pearson 2013, Nikolov 2017) has been
developed using a single Marlow industries TEG (TG 12-6-01L) measured over
temperature gradients between -20°C to +20°C between the inner cargo skin and the
primary insulation of aircraft structure near the cargo door. For the experimental
purposes of this thesis, this TEG energy source is modelled using a Keysight N6705B DC
power analyser and a representative series resistance and was used to charge the
batteries and supercapacitors over durations representing both short and long-haul flight
cycles. To represent the strain WSN (Becker, Kluge et al. 2009), a pulsed-load scenario
was established, again using the Keysight N6705B instrument, over a period of 80
minutes, by generating a pulse profile with a node-idle duration (t,) of 4.95 sand a current
demand of 0.07 mA, followed by a transmission state with duration (t1) of 50 ms and a

current demand of 14.95 mA, with a total time pulse cycle time (t) of 5s.

This thesis investigates the development of an efficient energy storage and power
management system to meet the requirement of an AASM system based on the assumed

scenario as detailed above.
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1.2 Aims and Objectives
This thesis discusses the need for energy storage in an AASHM powered by thermoelectric
energy harvesting. An efficient energy storage system is then developed based on
consideration of:
e Autonomous Aircraft SHM
o Wireless SHM
o Energy Harvesting
=  Thermoelectric energy harvesting
e Power Management
e Energy Storage
o Batteries
o Supercapacitors
o Simple hybrid energy storage

o Switched-energy storage

The primary objectives of this thesis are:

e To study different aircraft SHM techniques and the advantages of ASHM over
aircraft nondestructive testing (NDT) methods.

e Tostudythe need for autonomous aircraft SHM system and thermoelectric energy
harvesting in aircraft structure.

e To carry out the Characterisation of commercially available DC-DC converters for
use in an optimised energy storage system.

e To carry out experimental investigations on potentially suitable energy storage
options for AASHM.

e To develop an efficient energy storage system for AASHM
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1.3 Main Contributions of this Work

1.3.1 Novel Contribution
The novelty claimed in this work is summarised as follows:

e Experimental analysis of the charging and discharging of batteries,
supercapacitors and hybrid energy storage elements over a -40°C to +40°C
temperature range.

e Experimental analysis of the discharge response of batteries, supercapacitors
and hybrid energy charging and discharging to a representative pulsed-load
representing strain WSN over a -40°C to +40°C temperature range.

e Demonstration through experimental analysis that run-time extension of WSN
compared with standalone battery or supercapacitor is possible using a hybrid
energy storage unit.

e Identification of the disadvantages of simple hybrid energy storage.

e Proposal of a novel switched-energy storage along with a switched-storage

algorithm
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1.3.2 Publications
Journal Publication
Thangaraj, K., Elefsiniots, A., Becker, T., Schmid, U., Lees, J., Featherston, C. A. & Pullin,
R. (2014). ‘Energy storage options for wireless sensors powered by aircraft specific
thermoelectric energy harvester’ Microsystem Technologies-Micro-and Nanosystems-

Information Storage and Processing Systems, issue 20, pages 701-707.

Conference publication
Thangaraj, K., Elefsiniots, A., Aslam, S., Becker, T., Schmid, U., Lees, J.,
Featherston, C. A. & Pullin, R. (2013). Hybrid energy storage system for wireless sensor

node powered by aircraft specific thermoelectric energy harvesting. Smart Sensors,

Actuators, and Mems VI, 8763
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1.4 Thesis Overview
Chapter 1 contains an introduction to the thesis including the aims and objectives, and
the novelty contained within the research.
Chapter 2 discusses the needs, technological challenges and advantages of an
autonomous aircraft structural health monitoring system.
Chapter 3 discusses the efficient conversion of the energy from thermoelectric energy
harvesters by a rectifier controlled DC-DC converter or two transformer based DC-DC
boosters.
Chapter 4 briefly discusses the possible energy storage options for an AASHM system and
describes Characterisations carried out on potential batteries and supercapacitors being
considered for an AASHM application
Chapter 5 discusses the need for hybrid energy storage for AASHM and explains how a
parallel combination of battery and supercapacitor can increase the run time of a wireless
sensor node.
Chapter 6 discusses the disadvantages of hybrid energy storage and proposes an efficient
energy storage system for AASHM in which an intelligent storage controller switches
between units to minimize the number of battery charge and discharge cycles. By
individually monitoring the charge and discharge behaviour of each storage element, this
system retains the benefits of a hybrid system; combining long-term storage capability
with short-term high-power delivery for WSN.

Chapter 7 draws conclusions and makes recommendations for future work
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2 Autonomous Aircraft Structural Health Monitoring

AASHM is an emerging technology leading to systems capable of continuously monitoring
structures for damage (Farrar, Czarnecki et al. 2002, Farrar and Worden 2007). Aerospace
structures have one of the highest payoffs for SHM systems because damage can lead to
catastrophic and expensive failures.(Boller 2000) Describes a technology-based SHM as the
effort to attach sensors to aircraft structures to monitor signals relating to a physical
parameter (e.g. strain, vibration modes, acoustic waves, temperature, electrical resistance,
etc.). The existence and/or extent of structural damage is then determined through signal
analysis. With the rapid development of sensor and advanced low-power consumption,
wireless technology creates an advantage in saving maintenance cost (Chang 2005). In
addition, AASHM has the potential to enable robust real-time condition monitoring without

adding much weight to aircraft.

AASHM for damage detection could revolutionise the aircraft industry for the following
reasons (Derriso and Chang 2006):

(1) Increased safety due to continuous or on-demand monitoring,

(2) Reduced maintenance costs.

(3) Increased accessibility for areas too difficult to inspect, by using embedded sensors, and
(4) Reduces the cost of reinforcing critical areas, as it could be monitored with AASHM

Sensors.

The aircraft industry faces many challenges to reduce both operational (fuel) and
maintenance cost as shown in Figure 2.1. The weight of an aircraft is directly proportional to

the operational (fuel) cost (Ramohalli 1992).
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Figure 2.1 Airline operating cost structure (ID Tech Market research 2014)

Many innovations have taken place in the aircraft industry contributing towards weight
reduction (Burchell 1999). The percentage of the composite, hybrid materials and advanced
aluminium alloys (Noor, Venneri et al. 2000) (Verijenko and Verijenko 2005) in airframes has
increased substantially over the years, realising significant weight benefits as shown in Figure

2.2.
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Figure 2.2 Composite structural weight development (AIRBUS CFO Conference 2007)

Both Boeing and Airbus are increasing the percentage of composite material in their new

aircraft as shown in Figure 2.3 a and b.
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Figure 2.3 Percentage of composite materials in Airbus A350 and Boeing 787 (Launch events of
A350 XWB and Boeing 787)

The second significant cost incurred by the aircraft industry is aircraft maintenance, repair
and overhaul (MRO). The MRO industry was worth about $45B in 2007 and is expected to
reach $61B of business by 2017 (Chang 2005). MRO is not only about reducing costs but also
about increasing the safety of the aircraft. Below are the few examples of passenger aircraft

accidents, which have occurred due to structural failure as mentioned in Table 2.1.
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Table 2.1 Damage caused due to maintenance failure

Flight Reason

Japan Airlines, Boeing 747- 1985 The rear pressure bulkhead failed in flight

due to a fatigue fracture

Eastern Airlines, L-1011, 1983 On all three engines, magnetic chip
detectors had been installed without O-
rings, allowing oil to leak from the engines in

flight

Aloha Airlines Boeing 737, 1988 The presence of significant disbonding and
fatigue damage ultimately led to the failure
of a lap joint and the separation of part of

the fuselage

Air Midwest, Beech 1900D, 2003 The aircraft was overloaded and had a

centre of gravity that exceeded its limits

Aircraft undergo various stress reversals during ground-air-ground cycles, which can cause
fatigue cracks to develop as shown in Figure 2.4(Boller, Biemans et al. 1999). These may grow
to critical sizes over a period and may lead to catastrophic failure. Efficient aircraft structural

health monitoring is therefore required (Boller 2000).
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Figure 2. 4 Identified critical locations in an aircraft (Boller 1999)

SHM is defined as the sensors embedded into a structure for continuous and real-time
monitoring with a minimum of manual intervention, to monitor the structural integrity of the

aircraft (Galea and Baker 2001).

SHM may also include the use of many devices, techniques and systems that are traditionally
designated as Non-Destructive Testing (NDT). (Farrar, Czarnecki et al. 2002). Traditional
nondestructive testing methods like Dye Penetrant Testing (DPT), Visual Inspection (VI),
Magnetic testing (MT), Radiographic Testing (RT) and classical ultrasonic testing (UT)
inspection have their own limitations: they are often relatively expensive and inconclusive,
cannot be fully automated and integrated into a system, and do not provide prompt
information about the initiation and development of damage (PREVOROVSKY, KROFTA et al.).
NDT serves to detect discontinuities in solids, at the surface or internally, that are identified
as damage. SHM detects local changes in the structure, either in the material properties or
connectivity, which are identified by comparing the response of the structure to some stimuli

with the response of the pristine structure (Giurgiutiu 2013).
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The reliability of NDT can be significantly influenced by human factors (Aldrin, Medina et al.
2006). Humans, as shown in Figure 2.5, examine the output from most NDT techniques, and
hence human error brings into question their reliability. Data from a major airline shows 122
maintenance errors over a period of three years to be attributed to omissions (56%), incorrect

installations (30%), wrong parts (8%) and others (6%) (Graeber and Marx, 1993)

i

Manual UT
NH-90 tail fatigue test

UT C-scan

Figure 2. 5 Various aircraft NDT techniques (Graeber and Marx, 1993)

The comparisons between NDT and SHM are mentioned in Table 2.2(Achenbach 2009). It
generally involves on-going or repeated assessment of this response. Structures with
embedded sensors or smart layer sensor systems needed for complete real-time condition

monitoring performance (Staszewski, Boller et al. 2004).
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Table 2.2 Comparison of NDT and SHM

NDT

SHM

Inspection is provided by external probes

and equipment

Sensors are permanently attached at fixed

locations in the structure

Off-line monitoring, parts need to be

disassembled for inspection

Online monitoring for aircraft inspection
may be done in flight or during overnight

stops

Time-based maintenance, checks must be

regularly spaced

Condition-based maintenance. Disassemble

only when required for repair

Labour-intensive

Evaluation is done without human

intervention

Mature technologies are available

Still under development for real aircraft

structures

SHM is commonly considered as the acquisition of data from a structure relating to its
response to external and internal excitations (Kullaa 2011) . More importantly, SHM includes
the data processing to identify the variance in the surface of the structure and thence
prognosis to enable prediction of aspects such as capacity and remaining service life. Research
on SHM initiated in the late '80s, with the availability of portable computers, which were
apparently essential to processing large amounts of data from multiple sensors (Bocca, Cosar
et al. 2009). The concept of monitoring prescribes that it is an ongoing, preferably
autonomous process rather than one that is used at pre-set intervals of time through human
intervention. Thus SHM is necessarily the basis for condition-based, rather than time-based,
monitoring providing systems to collect real-time data on ageing and degradation to enable

assessment of structural integrity and reliability (Featherston, Holford et al. 2013)

In addition to the demand for a real-time condition for better management of existing aircraft
the following factors also contribute to the recent rapid development and advancement of

SHM technologies (Hui and Jinping 2011).
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e The technological advancements in low- power wireless sensing and electronic
circuits, along with the development of highly efficient signal validation and
processing methods (e.g. fibre optic sensors (FOSs) and smart materials) (Fu, Liu et al.

2009) ;

e On-going developments in communication technologies and the wide use of the

internet and wireless technologies;

e Developments of powerful data transmission and collection systems, and data

archiving and retrieval systems;

e Advances in data processing, including damage detection models and artificial

intelligence algorithms (Kiremidjian, Kiremidjian et al. 2011).

Although SHM for damage detection and NDT techniques are using the same physical
principles, there are notable differences between the two(Chang 1998). NDT detects and
assesses the damage based on calibration or reference measurements, while SHM has no
reference or calibration specimens. Instead, there are reference or baseline sensor signals

(Blackshire and Cooney 2006).
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2.1 Types of SHM

Damage assessment involves periodic inspections; therefore, the transition from NDT to SHM

I "

is a transition from the traditional “time-based” to the emerging “condition-based”

maintenance (Farrar and Worden 2007).

Periodic Monitoring

Structural health monitoring of structures can be either periodic or continuous. Periodic
monitoring investigates the structural response and identifies any detrimental change that
might have occurred at specified intervals (e.g. weeks, months, or years apart). Analysis of
the monitoring data may indicate damage or deterioration. For example, monitoring through
static field-testing or moving traffic, monitoring crack growth, monitoring before and after a

repair, is done periodically.

Continuous Monitoring

Continuous monitoring, as the name implies, refers to monitoring a structure for an extended
period (weeks, months, or years) without interruption. In continuous monitoring, data
acquired from the structure is either collected or stored on site (logged) for transfer, analysis,
and interpretation later or continuously communicated to an offsite (remote) location. In the
most sophisticated of these types of SHM applications, data will be transmitted to a remote
location for data processing. This data may also undergo further processing to help with

diagnostics and prognostics.

2.2 Types of SHM technology

A number of SHM sensing technologies are currently under development or in use. These can
be achieved using sensors that are either surface mounted or incorporated into components
during the manufacturing process. Different types of materials are susceptible to different
types of damage. For example, the structural anisotropy of composites and the fact that they

contain different phases of material (fibore and matrix) leads to various types of potential
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damage each of which has different propagation characteristics (Flynn and Todd 2010).
Selection of the most appropriate type of sensor is dependent on which of these need to be
detected. The most common technologies currently being explored are the following

(Majumder, Gangopadhyay et al. 2008).

Fiber Bragg diffraction grating sensor — structures are embedded with optical fibre cables,
and the optical interference is laser marked. Variance in the sensor light caused by the stress
in the structure can be identified using an interference pattern (Fu, Liu et al. 2009)

Acoustic emission — Acoustic signals occurs during the crack generation are monitored using
the transducers, which can be used to locate and characterise damage (Finlayson, Friesel et
al. 2001)

Acoustic-ultrasonic - A diagnostic signal is sent through a structure embedded with
transducers. Damage causes a change in the signal received, which can be quantified to assess
the level of damage.

Smart or sensitive coating — To detect strain coatings with piezo and Ferroelectric elements
or carbon nanotubes can be embedded in the structure and spectroscopy will be required to
detect the changes.

Microwave sensors — The moisture ingress created between the composite sandwich
structures can be identified using small microwave sensors embedded into the structure
Imaging ultrasonic — The flaws or damages in the structure are identified by the signal that
generated by a small ultrasonic wave transducer.

Comparative Vacuum Monitoring - The sensors are embedded into the structure and
connected to the vacuum source through an accurate flow monitor. The change in flow
monitor detects the crack.

Persisting questions about the durability, capability, and reliability of SHM sensors in an
operational environment for prolonged overall component life continues to challenge the
SHM community. For instance, piezoelectric wafers were analysed during accelerated

vibration, temperature, and moisture cycling (Thakur, Nalawade et al. 2011).
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2.3 Challenges of ASHM

In both commercial and military aircraft, there are a number of safety critical and non-safety
critical systems. These systems are based on wired connections and, are complex and
challenging to the route. The Airbus A380, for instance, has over 300 miles of cables consisting
of approximately 98.000 wires and 40.000 connectors (Yedavalli and Belapurkar 2011).
Traditionally, the sensors deployed in a structure are connected through coaxial wires

contributing to this complexity and adding to the weight of the structure.

ot SR\ - ol
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Figure 2. 6 Complex wiring systems in an Aircraft (A380 launch event)

However, the introduction of WSNs offers the opportunity to reduce installation and
maintenance costs (Loutas, Panopoulou et al. 2012) by reducing the level of wiring for sensor
power and signalling typical wiring for a commercial aircraft can be seen in as shown in Figure
2.6. Furthermore, the compact size and low cost of a single wireless sensor node enable the
deployment of a large number of units on the monitored structure, especially in those
locations difficult to reach using wires, increasing the screening resolution of the system and
introducing the redundancy needed to achieve a robust system. The aircraft manufacturers
are therefore working towards an integrated sensor system controlled by the central
processor that can build a diagnosis and decide what kind of actions have to be taken as

shown in Figure 2.7.

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems
Page | 21



Chapter 2- AUTONOMOUS AIRCRAFT STRUCTURAL HEALTH MONITORING
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Figure 2. 7 Autonomous aircraft SHM vision of future airframe technology (Airbus SHM event)

Despite the numerous advantages, there are numerous challenges associated with

implementing ASHM

e Cost and weight should not exceed the benefits gained (Laveuve, Lehmann et al.
2009).

e Reliability - probably the most significant impediment in the way of ASHM is the
unacceptability high instance of false positives. ASHM should not add to uncertainties
and complexities, and should not result in unscheduled maintenance due to erroneous
interpretation and false calls(Mickens, Schulz et al. 2003)

e The temperature variations that affect both the monitored part and the sensing
system. For example, the Lamb waves used in ultrasonic techniques have propagation

characteristics which are significantly altered by temperature variations, in addition
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to the test piece volume and density changes with temperature (Mandache, Genest
et al.).

e Detailed experimental study to be conducted on the aircraft for robust interaction
between the sensors and the structure supported by the robust analytical model
(Beard, Kumar et al. 2005).

e Sensors are selected based on the aircraft material, such as plain composite or
sandwich composite structure. Depending on whether these sensors are surface
mounted or embedded sensor locations have the potential to become sources of
delamination (Verijenko and Verijenko 2005).

e Therobustness and reliability of installed sensors - there may be a need for the sensors
to monitor themselves if there is any chance of failure (Blackshire and Cooney 2006).

e Powerrequirements. Contribute to considerations related to the durability of the SHM
sensors. If batteries are needed, then these will have to be low-weight and
rechargeable (Dilhac, Montheard et al. 2014). The work contained in this thesis

contributes to mitigation of this challenge.

2.4 Energy Harvesting

Critical to the functionality of an AASHM is its ability to be self-powered, and this can
potentially be achieved through the use of energy harvesting (Samson, Otterpohl et al. 2010).
Energy harvesting is a technique of harvesting energy from ambient sources within the
environment. This harvested energy is converted to usable electric power (Priya and Inman
2009). A low-power wireless sensor can be powered using locally harvested energy (Great
Britain. Department of Trade and Industry. and Environmental Resources Management (Firm)
2000, Penella-Lopez and Gasulla-Forner 2011). The energy harvesting approach is particularly
advantageous in the places where is difficult to trace wiring or where battery replacement is

challenging due to access difficulties.

There are various suitable sources of energy, which could be explored, not all of which would

be suitable for an aircraft environment. These include:
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Thermal energy

e Temperature gradients (thermoelectric effect)
e Heat (pyroelectric effect)
e Solar thermoelectric with focused light (thermoelectric effect)

e Optical energy (photovoltaic effect)
e Radiofrequency (RF) energy

e Radioactive energy
Mechanical energy

e Liquid or gas flow
e Vibrations (piezoelectric effect, electromagnetic, electrostatic)

e Pressure variations (acoustic noise, atmospheric pressure variations)

Electromagnetic energy
e Direct electromagnetic energy conversion
Biochemical energy

° Biochemical fuel cells

An illustrative example of different energy harvesters’ potential power densities is given in

Table 2.3 (Pearson, Eaton et al. 2012). The stated values describe the overall harvester power

density. For instance, the thermoelectric generator power density comprises the heatsink

weight, and the vibration generator power density comprises the moving mass (Montalvao,

Maia et al. 2006)

Table 2.3 Energy densities of different energy harvesters

Harvester type and operating conditions Power density

[mW/ke]
Flexible silicon solar cell inside room or cabin (illuminance: 1000 Ix) 9
Flexible silicon solar cell on daylight (illuminance: 10 000 Ix) 338
Vibration generator VEH 360 (a = 0.24 m/s2, 60 Hz) 3
Vibration generator VEH 360 (a = 0.98 m/s2, 60 Hz) 42
Thermoelectric generator Eureca TEG1-9.1-9.9-0.8/200 (AT = 10K) 10
Thermoelectric generator Eureca TEG1-9.1-9.9-0.8/200 (AT = 40K) 34
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(Kim, Tadesse et al. 2009) identified two primary energy harvesting sources in an aircraft
environment - vibration and thermal gradients. For this thesis, work will be focused on
thermoelectric energy harvesting, as it is widely available within the structure as shown in
Figure 2.8 which illustrates potential sources of thermal energy arising from temperature

gradients.

[ )
Wastewater

L
Cargo/Bilge

[ °
Ventilation 1 ®
" entlation E-Bay

@
Ventilation 2

o ®
S — Cabin Wall e
e Potential Thermal EH Crown
e Potential Vibrational EH Hydraulics

Figure 2. 8 Possible location of energy harvesting sources (Flight image taken from Airbus website
a320family/a318/)

2.4.1 Thermoelectric Energy Harvesting

Thermo-electric generators (TEGs) convert heat difference directly into electric energy and
can be used in low-power wireless systems. TEGs comprise thermoelectric modules made up
of a number of series-connected P-N junctions, sandwiched between two parallel ceramic
plates as shown in Figure 2.9. TEGs generate DC output voltage using the Seebeck effect,
when the two sides of the TEG are at different temperatures. The magnitude of the output

voltage is proportional to the magnitude of the temperature between the plates (Rowe 2012).
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" Electronic device
/ Rechargeable battery ‘

current

Figure 2. 9 Overview of TEG (Jandak, 2014).

A sandwich implementing an array of n- and p-type semiconductor legs, as shown in Figure
2.10, creates the typical TEG module. The legs are typically pellets of either bismuth telluride
or antimony telluride. The legs are strapped together to create a series electrical connection
and a parallel thermal connection. The top and bottom of the module is most often aluminium

oxide ceramic to provide electrical insulation and excellent thermal conductivity

CERAMIC

SUBSTRATE .

‘ 3 P-TYPE
NEGATIVE(-) ~ CONDUCTOR SEMICONDUCTOR
TABS PELLETS

N-TYPE
SEMICONDUCTOR

POSITIVE(+) PELLETS

Figure 2. 10 Internal crosses sectional view of TEG (Jandk 2014)

Table 2.4 lists some of the locations with respect to Figure 2.8, which shows the most
potential for energy harvesting along with temperature differences and peak/average
generated electric power (Featherston, Holford et al. 2009). The stated values are based
on a computer simulation. The thermoelectric module under consideration is the Micro

pelt TGP-751.
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Table. 2.4 Opportune locations for placement of TEGs on an aircraft —temperature
differences and output powers (Pearson, 2013)

Spot (cold and hot side) ATpeak Pel, Pel,
o peak Avg
cargo skin / cargo primary insulation 40 34.15 22.58
hydraulic pipeline 1 / hydraulic pipeline 2 20 7.97 3.07
waste water tank / waste water ambient 15 5.46 2.99
engine bay fuselage skin / engine bay primary insulation 35 18.72 6.42
cabin wall fuselage skin / cabin wall primary insulation 30 13.36 3.97
cabin wall fuselage skin / cabin wall secondary insulation 40 30.06 11.70

A dynamic thermoelectric energy-harvesting device advantageously uses the temperature
changes within the aircraft operating envelope such as those which occur after take-off. The
dynamic thermoelectric generator concept is shown in Figure 2.11 (Elefsiniotis, Becker et al.
2014). The temperature difference is created using a phase-change material (PCM)
attached to one side of the thermoelectric generator which maintains a temperature
differential with the ambient temperature on the other side. The PCM acts as a heat store. It
holds the higher ground temperature according to its heat capacity while the outside ambient
temperature decreases. When the heat transmission is over, and the temperature of the
PCM reaches the phase-change temperature, additional heat is produced due to the phase-
change of the material. The landing scenario works in the opposite way. The PCM is cold

while the ambient air is hotter. The phase-change occurs in the opposite direction.

The heat available during the dynamic TEG operation can be described as

Tpe T
Qa = T: ", (1)dr + maH + fT “me,, (1)d (2.1)
‘nch

Where Qq is the available heat, m the mass of PCM, Th is the hot-side temperature, Tech
is the phase-change temperature, Tc is the cold-side temperature, Clp is the heat capacity
of PCM in Liquid phase, AH is the latent heat of phase change, and Csp is the heat capacity

of PCM in solid phase. The corresponding part of Qg can be transferred to useful electric

power using thermoelectric energy conversion (Elefsiniotis, Kiziroglou et al. 2013).
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Figure 2. 11 Practical realizations of a dynamic thermoelectric generator and thermoelectric
generator with phase change material (Elefsiniotis, Kiziroglou et al. 2013).

Energy harvesting devices can present a more sensible option for energising low-power
wireless electronic devices and in many cases, can become the sole energy source. Harvesting
energy in an aircraft structure is not a constant function (Pearson, Eaton et al. 2012). There is
a period for example when there is a surplus of energy harvesting possible, such as take-off
and landing as shown in Figure 2.12 and 2.13. The surplus energy should be stored efficiently
and can be used for SHM purposes on the ground. The two main types of energy storage

device available are batteries and supercapacitors.

Acceleration

Due to turbulence

¥
Cruise ' Descent

Climb Flight Time

Figure 2.12 Availability of vibration acceleration during a typical flight cycle

A

—
Flight Time

Temperature
Gradient

i Climb i Cruise Descent

Figure 2.13 Availability of temperature gradient during a flight cycle
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2.5 The Adopted Scenario - monitoring of aircraft structure around
the cargo door using wireless strain sensor powered by thermoelectric

energy harvesting

Wide-ranging research is now being carried out on potential ASHM wireless sensor nodes.
Various sensors have been investigated for SHM applications, including amongst others,
temperature, humidity, strain, crack-wire, accelerometer, ultrasonic and passive-acoustic.
Most of the ASHM wireless sensors operate over a voltage range between 3.3 to 5 Volts as

most use commercially available low-power, low voltage microcontrollers.

On a typical commercial flight, the cargo door will be the last section of aircraft to be
operated, and a final structural check will typically be performed around the cargo door
before take-off. At the start of this work, it, therefore, made sense that, for the experimental
purpose of this thesis, the scenario adopted was the need to monitor aircraft structure around
the cargo door using a wireless strain sensor at both post-landing and pre-take-off time

events.

For a short-haul commercial flight, there will be typically a minimum of 2.5 hours between
each 80-minute flight cycle, so this scenario is divided into 60 minutes of post-landing
monitoring, 30 minutes servicing time and 60 minutes pre-take off monitoring. In this work,
for example, it is shown how a supercapacitor will be charged twice from the battery; during
the 30 minutes of servicing time after landing and then again 30 minutes during taxing before
take-off. The temperature difference between the fuselage skin around the cargo door C and
the primary insulation /so,C is assumed to vary between -20°C to +20°C as shown in Figure
2.14 cycle, but it should be noted that the temperature can vary over wider ranges, between
-40°C to +40°C at other aircraft locations (Pearson 2013). Around the aircraft hull section, for
example, the temperature range can be expected to be -30° to +30°C (Samson, Kluge et al.

2011).
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Figure 2.14 Availability of temperature gradient during a typical short-haul flight cycle (Pearson

2013)

Within this scenario, batteries and supercapacitors are the storage element options
considered for powering the WSN. The operational behaviour of both battery and
supercapacitor have been characterised over worst-case conditions, by charging and
discharging these elements over 80 minutes in the extended temperature range of -40°C to
+40°C. 80 minutes duration is typical of a short-haul commercial flight time, and it is chosen
as the basis for these experiments. In such a short-haul flight, the temperature around the
aircraft structure varies over a relatively short period of time, as shown in Figure 2.15.
However, in long-haul flight scenarios, here considered to be a maximum of 13 hours and 40
minutes, the temperatures around the aircraft structure can be static for longer periods.
Experimentally studying how energy storage elements behave over a temperature range
between -40°C and +40°C for sustained durations of 80 minutes will be helpful in

understanding the influence of temperature in ASHM sensors in long-haul flight scenarios.

In the scenario where a WSN is powered by an energy harvesting unit and fixed to the aircraft
structure (Samson, Kluge et al. 2011), as shown in Figure 2.15, the electronics can be expected
to experience the same temperature variation. Even though in this scenario, the cargo door
monitoring will typically be performed on the ground where the temperature will be ‘normal’,

it is envisaged that in the future, aircraft real-time condition monitoring will be performed
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whilst airborne, so it is necessary to understand the energy storage element discharge

behaviour in combination with electronics in this temperature range of -40°C to +40°C.

Figure 2.15 Prototype of ASHM sensor powered by thermal energy harvester attached to the inside

of an aircraft hull(Samson, Kluge et al. 2011)

In order to accurately characterise both the battery charge and discharge characteristics, as
well as the WSN the dynamic power demand, it is necessary to accurately source and measure
the dynamic voltage and current at the terminals of these devices, under different scenarios.
The Keysight N6705B is a DC Power Analyser that can be configured to source and measure
such DC voltages and currents. The analyser has a four-slot module option and control &
analysis software (14585A), through which data visualisation and data management can be
achieved. Additional modules such as the N6781A:2-Quadrant Source/Measure Unit for
Battery Drain Analysis in channel 1 and N6784: 4-Quadrant General-Purpose Source/Measure

Unit in channel 2 will be used for most of the experiments presented in this thesis.

A good wireless ASHM system should be energy-efficient, should not be affected by the
electromagnetic interference from other equipment and should be capable of real-time
acquisition of structural health status and transmission of data with high precision. A WSN is
a central unit, that may form part of an ASHM system, that combines mechanical

measurements and communication tasks. It is necessary for every component of the WSN
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system to adopt inherent energy-saving properties or techniques to prolong the operational
time of each sensor node. Strain sensors are resistive elements that change resistivity with
stress and are suitable candidates for ultra-low power (ULP) applications. To achieve ULP
consumption, however, strain sensors should be selected carefully (von Allmen, Bailleul et al.
2017) . In addition, WSNs must minimise passive listening - time spent listening to an empty
channel, overhearing - time spent listening to traffic addressed to other nodes and over
emitting - sending messages when the destination node is saving energy in sleep mode. This
can generally be achieved with a medium access control (MAC) protocol layer. Such systems
based on MAC protocol have already been proposed for aeronautical applications (Sabater,

Kluge et al. 2007).

A ULP wireless strain sensor with a 5KQ resistance based on WSN MAC protocol is proposed
in. The sensor platform is controlled using a low-power (MSP430 series) microcontroller and
employs a 2.4GHz IEEE 802.15.4 standard (Chipcon 2420 series) RF transceiver. At an
operating voltage of 3.3V, the dynamic power consumption of the complete wireless sensor

under typical operating conditions was tabulated below in Table 2.5 (Becker, Kluge et al.

2009).
Table. 2.5 Current and Power Consumption of the wireless strain sensor node.
Sensor Sampling 0.16mA 0.53mW
Sensor Switching 4,77mA 15.7mW
Sensor on 0.75mA 2.5mWwW
Transmission 14.95mA 49.3mW
Node-idle 0.07mA 0.2mW
Average 0.87mA 2.9mWwW

To understand the temperature influence on the discharge of the battery and supercapacitor
under realistic operational conditions, the lowest power consumption mode (node-idle) and
highest power consumption mode (transmission) as shown in Figure 2.16, were used to
approximately model the WSN for experimental purpose. Using the Keysight N6705B, a pulse-
load scenario was established over a period of 80 minutes, by generating a pulse profile with

a node-idle duration (to) of 4.95 s and a current demand of 0.07 mA, followed by a
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transmission state with duration (t1) of 50 ms and a current demand of 14.95 mA, with a total

time pulse cycle time (t) of 5s as shown in Figure 2.17. The representative pulsed-load timings

were specified by the industrial sponsor, Airbus.

Transmission
Ay =14.95mA

—>
t;= 50ms
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Figure 2. 16 Pulse loads representing a wireless sensor function of node-idle and transmission
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Figure 2. 17 Pulsed-loads representing a node-idle and transmission state of the wireless strain

sensor over 80 minutes

The arbitrary pulsed-load waveform shown in Figure 2.17 was generated using the N6705B
DC power analyzer as an electronic load, as shown on screen in Figure 2.18. The waveform
represents the node-idle and transmission states of strain WSN, driving the electronic load to

discharge the batteries and supercapacitor, emulating the actual WSN.
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Figure 2.18 A pulse waveform representing a wireless sensor load function was programmed into
the Keysight N6705B.

2.5.1 Thermoelectric Energy Harvesting Profile

As is discussed in section 2.3, in order to make a WSN truly autonomous, the sensor should
be powered from locally harvested thermoelectric energy, removing the constraint of running
power cables across the airframe structure. Thermal energy harvesting relies on the Seebeck
effect. Thisis based on the diffusion of electrons through the interface between two different
materials. Heating causes net changes in the materials and allows electrons to move from
material where they have lower energy into material where the energy is higher. Because
electrical current is a flow of electrons, this effect of passing electrons from one material to
another creates an electromotive force (voltage) across the terminals of the thermoelectric
module. The open circuit voltage generated is linearly dependent on the temperature
difference between the hot and cold sides of a thermoelectric module as described by

equation 3.1 (Priya and Inman 2009) .

Uoc:ocEAT (2.1)
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Where Uq is the open circuit voltage at the output terminals of the thermoelectric module,
ae is the net Seebeck coefficient of the thermoelectric module (TEM), and AT is the

temperature difference along the module (Th —Tc).

heat sink

5 I U;
: ! —_ —
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R load = R U

AT “IIII ‘ Uoe =S 2 AT load load
@ Repa(Th Te)

heat source

Figure 2.19(a) Thermoelectric module (b) its equivalent circuit (Priya and D. J. Inman 2009)

Figure 21.9 (a) shows a typical TEM and Figure 2.19 (b) explains the equivalent circuit in
terms of Thévenin’s theorem. This circuit is comprised of an ideal voltage source according
to equation 2. 2, the internal resistance Rygy and load resistance Rload. The output voltage
across the load can be considered as the voltage at the centre of the voltage divider comprising

Rrem and Riogq.

Rioad
load Rioaa+RrEM  °°€ (2.2)

Thus, the power which can be delivered to the load is strictly dependent on the internal

resistance of the module and the resistance of the load connected across its terminals.

The maximum power Pypp which can be delivered to the load is.
_ (ag AT)Z
Pupp = " s (2.3)

Maximum power transfer can be achieved only under the condition:

Rioaa = Rrem (2.4)
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This state is called the impedance match. Unfortunately, there are few applications where
the internal resistance of the TEG will be matched by the energy harvester. Moreover, the
internal resistance Rrem is a function of module temperature (Th, Tc). Differences between
Rrem and Rioag are usually significant. Dynamic impedance matching is of high importance in
the design of power management electronics for an energy harvesting device (S. Priya and
D. J. Inman 2009). Dynamic impedance matching is usually implemented using a switching
converter controlled by a Maximum Power Point Tracking (MPPT) driver (Penella-Lépez

2011).

In (Pearson, 2013), a detailed study was performed to understand the thermoelectric energy
harvesting output from different aircraft locations. Based on this study, a TEG output profile
was modelled using a single Marlow industries TEG TG 12-6-01L (Nikolov,2017). The internal
resistance of TEG TG 12-6-01L was measured to vary between 1 Q and 2 Q over temperatures
between -20°C and +20 °C, so for the purposes of simple modelling, a 1.4 Q resistor was used
as Rrgy and same value resistor was used as load resistance R,,,4 to achieve the maximum
output power of 31 mW. The output voltage and power achieved are shown in Figure 2.20

and 2.21 respectively.
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Figure 2.20 Thermoelectric energy harvesting output voltage from single Marlow industries TEG TG
12-6-01L with 1.4 Q load resistance, near cargo door of commercial flight
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Figure 2.21 Thermoelectric energy harvesting power output from single Marlow industries TEG TG

12-6-01L with 1.4 Q of load resistance, near cargo door of commercial flight

In an attempt to model the approximate behaviour of the TEG, the output voltage profile of

Marlow industries TEG TG 12-6-01L as shown in Figure 2.20 was programmed into a DC source

to generate the voltage. The generated output voltage was then provided as an input to a DC-

DC converter, LTC 3109 through the modelled series resistance R, as discussed above. With

LTC 3109 as load, the value of R was selected as 1.3 Q, the maximum output power achieved

was 27.20 mW as shown in Figure 2.22. 1.3 Q was the closest value resistance available to the

actual 1.4 Q resistance of Marlow industries TEG TG 12-6-01L.
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Figure 2.22 Comparison of generated thermoelectric energy harvesting power output with various

series resistance, between generated output voltage and the load LTC3109

Two different methods were used to create the TEG power output profile; i) using LabVIEW

with a National Instrument data acquisition system (Nidag USB6211) and ii) using the Keysight

N6705B DC power analyser, controlled by Keysight 14585A software. When compared, the

latter approach using the Keysight control and analysis software was identified as the most

efficient method, with less external hardware components required. The synthesised TEG

output voltage profile was then used, together with a 1.3 Q series resistance, to charge and

compare the storage components. An LTC 3109 DC-DC converter from Linear Technologies

was used to establish the correct charging voltage and will be discussed more detail in chapter

3.4.1.
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2.5.1.1 LabVIEW using Nidaq6211
National Instruments LabVIEW code was written, as shown in Figure 2.24, to read the voltage

profile from a text file, and the voltage generated as an output from Nidaq 6211, as shown in
Figure 2.23. The disadvantage of this approach is the maximum current output from the Nidaqg

6211 is 2mA which is not enough to initiate charging of the energy storage elements.

The code reads the data from TXT file stored on the local computer and uses it to create an
array containing voltage and time. The voltage is provided as an output from one of the
analogue channels of the Nidag6211, with the timing interval established from the second
column of the array. The voltage generated was delivered as input to the LTC 3109 through
1.3 Q resistor in series. The voltage generated by the Nidaq 6211 and the output from LTC
3109 were logged at 1 sample per second. This data was then converted to an array and

written to an Excel compatible file format.

TEG voltage
output

TEG output voltage 1.30

is programmed into o VAYAYA LTC3109
Nidag6211

Figure 2.23 Thermoelectric energy harvesting emulation environment comprising a series 1.3 Q
resistance, Nidaq 6211 data acquisition/generation board and LTC3109 DC-DC converter
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Figure 2. 24 LabVIEW code for thermoelectric energy harvesting power profile
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2.5.1.2 Keysight 14585A control and analysis software with the N6705B DC
Analyser

Using the 14585A control software, the voltage from channel one of the N6705B DC analyser
is selected, and marked as a user-defined waveform. The current from the channel was not
limited the maximum output current of N6705B is 3 A. The voltage waveform can be manually
entered, or a CSV file format can be imported. The repeat count is set as 1, to create one
arbitrary waveform. The generated output voltage from N6705B is given as input to LTC 3109

through a series resistance of 1.3 Q as shown in Figure 2.4

TEG voltage
output

TEG output voltage 1.3Q
is programmed into _\/\/\/\_7 LTC3109
N6705B

Figure 2.25 Thermoelectric energy harvesting power output profile in series with 1.3 Q
programmed using N6705B

As shown in Figure 2.26, the N6705B will generate the output power profile of a TEG. The
maximum output power of 37.51 mW was achieved. The generated output voltage profile is

delivered to the input to the LTC 3109 DC-DC converter.
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2.6 Summary of AASHM

Structural health monitoring systems can be designed to be autonomous if a suitable source
of energy can be harvested from the ambient environment. Energy harvesting systems
generally consist of energy harvesting elements, energy storage elements and interface
power electronics. The harvested power must be converted to electricity and transformed
into an appropriate form for charging the energy storage element and supplying the final
application (Becker, Kluge et al. 2009). This application can take a number of forms. Some of
the aircraft wireless applications that can be powered using thermoelectric energy harvesting

are shown in Figure 2.27.

Acoustic Emission
Acoustic Ultrasonic
TEG EH Power
Source Management Crack Wire
Strain Sensor
Temp & Humidity
Energy
Storage Windows Wireless Shade

Figure 2. 27 Overview of aircraft structural health monitoring system powered by thermoelectric
energy harvesting

AASHM has been the focus of significant collaborative research work in both industry and
academia enabling it to reach a level of maturity that enables it to be tested on experimental
flights (Farrar and Worden 2007). The research and development of AASHM are as shown in
Figure 2. 28. This thesis describes work carried out to improve the efficiency and mainly cycle-

life of an appropriate energy management and storage system.
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Figure 2. 28 Summary of various technologies of SHM systems (Aircraft SHM, Infosys 2012)
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2.7 Chapter Conclusion

AASHM is one of the enabling technologies needed to revolutionise the future of aircraft
design, development and maintenance. In this chapter, Energy storage was identified as an
important aspect of the AASHM application, as energy harvesting is not possible throughout
the flight cycle. During normal, cruising flight, the delta T between the fuselage and the
primary insulation of the aircraft structure is reduced, So, any harvested energy during the

takeoff and landing period must be stored efficiently.

A scenario is defined in this chapter, to support the fact that energy storage is a crucial part
of AASHM application for a short-haul flight cycle of 80 minutes. In this scenario, the aircraft
structure near the cargo door will be monitored using a wireless strain sensor powered by
thermoelectric energy harvesting, located near the same location on the aircraft. The area
around the cargo door will be monitored after the landing for 60 minutes and 60 minutes

before the takeoff.

The temperature difference between the fuselage area around the cargo door, and the
primary insulation is assumed to vary between -20°C to +20°C, but it should be noted that the
temperature can vary over wider ranges, between -40°C to +40°C at other aircraft locations.
So, the electronics on power management board and energy storage elements must operate

within this temperature range.

A thermoelectric generator (TEG) output profile based on the output profile of a single
Marlow industries TG 12-6-01L, was emulated using the N6705B DC power analyser. From a
previous study based on a temperature difference of -20°C to +20°C, Marlow industries TEG
TG 12-6-01L -D571 was able to deliver 31mW maximum output power into a 1.4 Q fixed load

resistance.

To achieve a similar scenario and a maximum output power for 1.3 Q resistor was added in
series to the generated output voltage. A pulsed-load was generated to represent the lowest
power consumption mode node-idle (to) of 4.95 s and a current demand of 0.07 mA and
highest power consumption mode, transmission, with a duration (t1) of 50 ms and a current

demand of 14.95 mA.
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LTC 3109 was used as a DC-DC converter for the power management element. The batteries
and supercapacitor will be charged using LTC 3109 over a temperature range of -40°C to
+40°C. The charged batteries and supercapacitor will be discharged using the pulse load
representing the node-idle and transmission states in the same temperature range. As stated,
the temperature between the primary insulation and inner skin of the aircraft structure can
be expected to change rapidly over the short-haul flight duration of 80 minutes. To show
some representation of a longer period of operation associated with long-haul flights, over

13 hours, the discharging experiments were also conducted over 80 minutes cycles.
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3. Power Management

Autonomous devices that are self-powered over their lifetime, extracting energy from the
environment, are crucial for many applications. In such devices and applications, as the
energy availability and power dissipation are not constant over time, effective energy
management becomes a vital function and determines their information processing potential
(Belleville and Condemine 2012). Moreover, average power and energy consumption of the
power management system is required to be low. These challenging constraints have to be
taken into account when developing an autonomous system. There are several duties the
power management is responsible for in the context of energy harvesting power supplies. As
shown in Figure 3.1 the first task is matching the energy transducer’s voltage level with those
of the electronic circuit or system which is being supplied. The next function is the regulation
of the supply voltage, which must remain constant and independent of source or load
variations. Then the harvested energy must be stored efficiently in a rechargeable battery or
supercapacitor. The final task is the management of the energy stored in the supercapacitors

or rechargeable batteries.
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Figure 3. 1 Typical power management system - block diagram
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A power management system for energy harvesting must efficiently extract and store power
from the harvester and transfer this to the load. These three functions are carried out by the
components listed below:

e A DC-DC Converter

e Astorage controller (explained in chapter 4)

e A microcontroller

e An Output Step converter
This chapter discusses the requirements of an efficient power management system for
thermoelectric energy harvesting. Thermoelectric energy harvesting in aircraft is explained in
Chapter 2. To understand the theory of DC-DC conversion four types of DC-DC converters are
explained in terms of their working principles and Characterisation of an LTC3109

commercially available DC booster suitable for thermoelectric energy harvesting is discussed.

3.1 Overview of DC-DC converters

The most frequently used topologies for DC/DC switching converters are

e Boost converter — output voltage is always greater than input voltage;

e Buck converter — output voltage is lower than input voltage;

e Buck-boost converter — output voltage can be either higher or lower than input
voltage;

e Flyback converter —isolated buck-boost converter with a transformer at the input;

These converters operate in two modes; a continuous mode where the current through the
inductor never falls to zero during the cycle, and a discontinuous mode where the current

through the inductor falls to zero during the cycle.

A brief overview of four converters is explained below(Rashid 2010).
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3.1.1 Boost Converter

A typical boost converter is shown in Figure 3.2. It is the most important converter topology

in energy harvesting as the harvested voltage levels are usually quite low.
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Figure 3. 2 Boost converter(Rashid 2010)

The source voltage Vinis presented across the inductor when the transistor switch conducts,
and the inductor current increases at a rate equal to Vin/L. When the switch opens, the
instantaneous change in current causes the magnetic field to collapse and a back-EMF to
develop across the inductor which appears in series with the source voltage, forward biasing
the diode and charging the capacitor. Because of this action, the voltage developed across

the load will always be larger than the supply voltage.

3.1.2 Buck Converter

A typical example of a simple buck converter is shown in Figure 3.3. The output voltage of a

buck converter is always lower than the input.

Switch l i
_—

YYYYYYYN °

Inductor L

Diode
Capadtor
| |
|}
Load

'Y

DAC

- 3

Figure 3. 3 Buck converter(Rashid 2010)
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When the transistor switches on, the inductor current increases at a rate equal to (Vin— Vout)/L.
During this condition, the diode D in the buck converter will be reverse biased and will not
conduct, and current will flow from the supply into the load and will charge the capacitor. At
some time later, when the transistor switches off, the back EMF developed across the
inductor causes the diode to conduct, allowing current to be released from the inductor into
the load, decreasing at a rate of -Vout /L. The overall effect is a reduced output voltage that is

related to the input switching voltage by the duty cycle of the switching waveform.

3.1.3 Buck-Boost converter

Buck-boost converters offer good flexibility and as a result, are widely used and implemented
in many commercial integrated circuits for energy harvesting. A typical example is given in

Figure 3.4.

AYYY Y YV hf‘

l ! _| Inductor L

Diode D2

Capacitor C
Load

Diode D1
Switch 2

Figure 3. 4 Buck-Boost converter(Rashid 2010)

Operation in boost mode - switch 1 is turned off, and switch 2 is switched on and off by a
high-frequency square wave. When switch-1 conducts, current flows through the inductor
and the diode, charging C and supplying voltage to the load. In this state, diode D1 is in
reverse bias. When switch 1 turns off, current initially flows from the inductor L. The back
EMF established turns on D1, and current then flows through D2 and the load. As the stored
inductive current decreases, the charge accumulated in C now also adds to the current

flowing through the load, keeping VOUT reasonably constant.

Operation in buck mode - switch 1 is continually on, and a switching waveform is applied to
switch 2. During the on periods when switch 2 is conducting, the input current flows through

the inductor and via switch 2, directly back to the supply negative terminal charging up the
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inductor, while D2 is reverse biased. During this phase, the load is being supplied entirely by

the charge on the capacitor.

3.1.4 Flyback Converter

A flyback converter can provide output voltages which are much higher than the supplied
input voltages. Typical applications lie for example in power management for thermoelectric
generators operating with very low-temperature differences. The control electronics of
commercially available flyback converters are usually supplied separately using charge

pumps which allow these very low start-up voltages.
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Figure 3. 5 Flyback converter(Rashid 2010)
A typical operating scheme is shown in Figure 3.5.

Switch in ON State - The primary coil of the transformer is connected to the input supply,
with the dotted end connected to the positive terminal of the input supply and the diode D
is arranged in reverse bias state. No energy is transferred to the load, and the energy is stored

in the primary coil

Switch in OFF state - The voltage polarity across the coils is reversed causing the diode D to

become forward biased. The energy stored in the primary coil is transferred to the load.
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3.2 DC-DC Converter for energy harvesting

The three standard working principle of switching regulators are

e Step-up (increase)
e Step-down (decrease)

e Step up or step down (increase or decrease)

A convention ratio (M)is defined as the ratio of output voltage Vout to the input voltage Vinand
depends on the switching waveform duty cycle (D). Pulse width modulation or pulse

frequency modulation (PFM) is usually used to control the duty cycle.

TEG | DC-DC | ENERGY
CONVERTER ~ STORAGE
GATE
S |2 | ) .
PFM g :
}E —_
f | {

MPPT ALGORITHM PROGRAMMED IN MICROCOMNTROLLER

Figure 3. 6 Overview of dc-dc converter with MPPT for energy harvesting

Boost converter and Buck-Boost converter are commonly used topologies, and PFM is
preferred as the power consumption is low and more suitable for low power load applications
(Kazimierczuk 2015) . As shown in Figure 3.6 a microcontroller typically produces the PFM

signal (Elfisiniotis 2013) with maximum power point tracking algorithm (MPPT) ensuring

efficient operation.

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft

Structural Health Monitoring systems
Page | 52



Chapter 3-POWER MANAGEMENT

3.3 Maximum Power Point Tracking (MPPT)

The critical problem for load matching is the lack of direct measurement of internal resistance
Rrem during operation. To maintain maximum power transfer, therefore, various tracking
methods can be employed. MPPT for thermoelectric applications is based on established
photovoltaic solutions (De Brito, Galotto et al. 2013). The most common methods used in
conjunction with TEGs are Perturb and Observe (P&0O) and Fractional Open-Circuit Voltage
(FOCV). The FOCV method involves periodically disconnecting the TEM from the converter.
Consequently, an open-circuit voltage on the terminals of the TEM is measured. FOCV is
based on the observation that MPP voltage can be obtained as a fraction of open circuit

voltage:

UMpp(Uoc) = kU, (3.1)

Where Uy, is the output voltage at maximum output power and U, is the open circuit
voltage at the output terminal Typically, k = 0.5 is used for most of TEG applications. The duty

cycle is then set to maintain the input voltage which ensures maximum power transfer.

The first step in applying any MPPT is to measure the values of input current and voltage
which are entered into any algorithm. The next step is to compute the exact power on the
input terminals of the DC/DC converter. The P&0O method requires the duty cycle to be
changed based on the measurement of voltage and current on the input terminals of a
switching converter (Vadstrup, Schaltz et al. 2013)A flowchart of the algorithm is provided in
Figure 3.7 in the first step it calculates the power by measuring the voltage and current. On
the second step, up it compares the present power value with previous value. Then the
algorithm increases or decreases the voltage value V.t to obtain the maximum power. This
process repeated until the maximum power is achieved and the operating point around the
maximum power point. The most significant disadvantage of this method is the oscillations

around the MPP, and the system is not unconditionally stable(Park and Kim 2012).
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Figure 3.7 Flowchart of P&O algorithm (Vadstrup 2013)

3.4 Commercially available DC-DC boosters

A few the commercially available DC-DC boosters suitable for thermoelectric energy
harvesting and these are briefly explained below. Their advantages and disadvantages are
discussed along with measurement of their open circuit start-up voltage and the influence

temperature of the open circuit output voltage.
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3.4.1 Linear Technology 3109

A thermoelectric Peltier Cell is connected to Linear Technology’s LTC3109 step-up converter
as shown in Figure 3.8. The LTC3019 “is designed to manage the charging and regulation of
multiple outputs in a system in which the average power draw is ‘shallow’, but where periodic
pulses of higher load current may be required”(2010). This is typical of wireless sensor node
(WSN) behaviour, where the quiescent power consumption is typically very low for the

majority of the time, but periodically becomes high during transmission.
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Figure 3. 8 LTC3109 Internal Schematic (LTC3109, Datasheet)

The LTC3019 can operate from voltages as low as 30 mV, due to the resonant step-up
oscillator formed by the internal MOSFET switches and external step-up transformers, and
with an oscillating frequency determined by the inductance of the secondary winding of the
transformer. The AC voltage produced by the secondary winding of the transformer is

boosted by external charge pump capacitors and rectified internally to the LTC3109.

All active circuits within the LTC3109 are powered from the Vaux pin; Vour charges when the
voltage across Vaux is greater than 2.5V. The maximum voltage on Vaux is limited to 5.25 V by

an internal shunt linear dropout (LDO) regulator, which shunts any excess current in Vaux to
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ground when there is no load on the converter. Once Vaux exceeds 2V, synchronous rectifiers

in parallel with the internal rectifier diodes rectify the input voltage at the C1A and C1B pins.

The output voltage Vouris programmable by configuring the VS1 and VS2 pins in a particular
order and may be set to be 2.35V, 3.3V, 4.1V, and 5V. The internal resistor divider, controlled
by VS1 and VS2, eliminates the need for very high-value external resistors, which are

susceptible to noise pickup and leakage as shown in Figure 3.9

Vstore can be used to charge a supercapacitor or rechargeable battery. Since the output
current is limited to 15mA, Vstore can be used to trickle charge NiCd or NiMH batteries.
However, Vstore is not intended to supply high pulse load currents to Vour. Instead, this must

be handled by a large reservoir capacitor at Vour.
The LTC3109 contains a Pcoop signal which can be used to wake a sleeping microcontroller.

The capacitors at the inputs of pins C1A and C2A facilitate the use of the internal charge pump
rectifier in the LTC3109 and store charge to be later boosted, allowing the device to operate
from a very low voltage (30 mV). With a 1:100 turns ratio on the input transformers, allowing
an input voltage of 25 mV, a low-value pump capacitor (1 nF) allows for this ultra-low input

voltage and low source resistance
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Figure 3. 9 TEG DC/DC Converter Circuit

The capacitors on the C2A and C2B pins connect the LTC3109 to the secondary windings of
the step-up transformers. A very low capacitance value of 470 pF allows for a low start-up
voltage and high efficiency. A lower capacitance value has the effect of allowing the start-up

voltage, and a higher capacitance value has the effect of reducing efficiency.

The capacitor at the output of the LTC3109 is sized to provide the necessary current when the
load is pulsed on. This capacitor’s value is dictated by the load current (iicad), the duration of

the load pulse (tpuise), and the amount of voltage drop in the output (AVout) according to:

C _ lioad (mA) tpulse(ms)

out(uF) Avout(v)

(3.2)
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3.5 Characterisation of commercially available DC-DC converters

(energy harvesting)

Several possible DC/DC converters for the thermoelectric energy harvesting is identified and
characterised according to the datasheets, in order to understand their applicability to the
design; the Linear Technology devices LTC3109, LTC3108, LTC3558, LTC3459, and LTC3105,
and the Texas Instruments BQ25504. Some of the key figures of merit for these devices were
the start-up times of the devices, i.e. the time taken to reach a steady-state value in response
to a step input, the minimum startup voltage, the maximum operating voltage, and the device

efficiency.

3.5.1 Start-up Voltage
The start-up voltages of the DC/DC converters quantify the minimum input voltage required
for a voltage to occur at the output. The start-up voltages are given in the device data sheets

but were confirmed through measurement. The results are displayed in Table 3.1.

Table 3.1 Device Start-Up Times Expected and Measured Values

Device Expected Start-Up Voltage (V) Measured Start-Up Voltage (V)
LTC3109 +0.03 +0.03
LTC3108 0.02 0.05
TI BQ25504 0.25 0..38
LTC3558 3.1 4.28
LTC3459 15 0.9
LTC3105 0.225 0..425
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3.5.2 Maximum Input Voltage

The maximum input voltage allows for the quantification of the input voltage range when the
start-up voltage is known. It is a prominent figure of merit, as it allows the designer to
understand the appropriateness of a converter for a given source. The maximum input

voltages taken from the respective datasheets of the devices are given in Table 3.2

Table 3.2 Device Maximum Input Voltages

Device Maximum Input Voltage (V)
LTC3109 0.5
LTC3108 0.5
TI BQ25504 5.4
LTC3558 17
LTC3459 5.2
LTC3105 5

3.5.3 Experimental Setup

The LTC3109 has been used in this thesis as a power management board because of its dual
polarity input capability and suitability for TEG applications. LTC3109 demonstration board
was used for the experiments and the TEG output profile created in chapter 2.6.2 is given as
input using N6705B, and the output from Vout and Vsiore pins is data logged using a Nidag6211
data acquisition module, as shown in Figure 3.10. As the aircraft application is temperature
dependent, the DC-DC converters need to operate at least from -40°C to +40°C. LTC 3109 was

placed in the climatic chamber.
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Figure 3.10 LTC3109 Vstore and Vout measurement setup

LabVIEW code was written to record two analogue inputs to ai0 and ail pins of Nidaq 6211
as shown in Figure 3.11. The code generates an array of two columns with analogue values
from ai0 and ail pins and writes it in Excel format on the user-defined system location. The

sampling rate can be adjusted by creating time delay for the loop execution.

1 Dev2/ai0 || |¥6 Dev2/ail :]

3]

Analog 1D DBL
NChan 15amp

M Userstkarthilk) Desktop xls
% C\Users\karthik\Desktop\LTC3109.xl

Figure 3. 11 LabVIEW coding for TEG Vout and Vstore data logging
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Figure 3. 12 Climatic chamber set up for LTC3109 Vout and Vstore measurement and tested on a

temperature range of -40°C to +40°C

3.5.4 Result Analysis

The LTC3109 has 3 output pins, Vstore, Vout and Vout2. The vout and Vstore have commonly used as
a pin for powering microcontrollers and energy storage. The Vout is charged from VAUX pin
and is user-programmed to one of four regulated voltages using select pins VS1 and VS2,
according to Table 3.3. The open circuit voltage at Vout and Vstore pins were connected ai0 and
ail to Nidaqg 6211 respectively. The experiment was carried with the climatic chamber for a

temperature range of -40°C to +40°C.
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Table 3.3 LTC3109 Vout output configuration

VS2 VS1 Vout
GND GND 2.35V
GND VAUX 3.3V
VAUX GND 4.1V
VAUX VAUX 5V
44 e e
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' |
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Figure 3.13 LTC3109 V. for the generated TEG output profile on a temperature range of -40°C to

+40°C

As shown in Figure 3.13 & 3.14, The output from the V out and Vstore reaches it is the peak
value of 4.1 V and 5.2 V as the input voltage to LTC 3109 demonstrator board increases, as

the input voltage decreases the output voltage from the vout and Vsiore pins also decreases
simultaneously.
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Figure 3. 14 LTC3109 Vswore for the generated TEG output profile on a temperature range of -40°C to
+40°C

The results show that LTC3109 is relatively unaffected by temperature. However, a detailed

study must be conducted to measure the energy conversion loss in terms of switching loss,

heat loss in the LTC3109.
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3.6 Output Step-Up Converter

1SUPERC(PACITOR

I T

35392
35392

Figure 3. 15 Schematic of LTC 3539

AASHM WSN requires a constant input supply up to either 3.3 V or 5V, and before being
applied to the WSN load, the WSN circuit input voltage must be stepped uptoa 3.3Vor5V
level via the step-up converter. The LTC35392 is a is a programmable synchronous step-up
general-purpose DC/DC converter that operates between 0.8 -6V input voltages, and
produces a 3.3 V or 5V output voltage, up to an efficiency of 94% (Linear Technology, 2008).
With reference to Figure 3.16, the output voltage is set by the two resistors R11 and R12 by

the formula:

Rqq
Ri2

Vout = VRef(1 + (3.3)

With VREF=1.2V (Linear Technology, 2008), and assuming R11 to equal 1MQ, a 5V output

voltage is obtained from the resistor divider network with R12 obtained by:

Ry, = 2222 = 315KQ = 309KQ (3.4)
3.8

The inductor between SW and VIN is needed in the event that burst mode operation is
desired. In this case, the load current at which burst mode operation entered can be adjusted
by the inductor. A decoupling capacitor at the input reduces interference due to input
switching noise. A typical value of 2.2uF is chosen. In addition, a decoupling capacitor at the

output reduces the output current draw.
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3.6.1 Result Analysis

To experimental verify the operating temperature of LTC3539, a 0.5F, 4V Supercapacitor
storage element was used as an input to LTC3539 and the power consumption characteristic
of the WSN based strain sensors, as identified in chapter 2.6, was used to provide a
representative pulsed-load. The N6705B was used to generate the pulsed-load and to data

log the output from LTC3539. The climatic chamber was used to create a temperature range

of -40°C to +40°C
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Figure 3. 16 Voltage output from LTC 3539 under pulsed-load condition in a temperature range of -

40°C to +40°C

Inside the climatic chamber, LTC3539 and a supercapacitor were placed, channel 1 of N6705B
acts as the pulse load, and the output from LTC 3539 is recorded in the channel 2 of N6705B.
From the results shown in Figure 3.16, it can be seen that LTC3539 is relatively unaffected by
temperature. The output voltage from LTC 3539 reduces to 0 V however when the
supercapacitor voltage reaches 0.8 V. At +40 and -40°C; this happens at 35 minutes and 30
minutes respectively. This is due to the temperature influence on supercapacitor or the LTC
3539, or both. The discharge properties of supercapacitor based on the temperature are
discussed in chapter 4.5. However, a further detailed study has to be conducted to measure

the energy conversion losses and also the effect of temperature on the LTC3539.
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3.7 Chapter Conclusion

Although WSNs have been increasingly developed over the past few years, one of the
remaining challenges is the impact of the dynamic power requirements on the power
management system. LTC 3109 is a dual polarity, low start-up voltage DC-DC booster, but it
does not have an MPPT inbuilt like BQ25504 from Texas instrument. The BQ25504 is not a
dual polarity input, and external rectifier circuit is required. LTC 3109 operates well within the
temperature range of -40°C to +40°C. LTC 3539 is output step converter used in the power
management. Any typical WSN needs a constant input supply up to 3.3 v or 5 V; this can be
achieved by powering a WSN through step converter from supercapacitor. LTC 3539 steps
converter with up to 94 % efficiency, with a minimum input value of 0.8 V and is well operated
in the temperature range of -40°C to +40°C. However more experimental analysis is needed

to understand the energy conversion loss in both.

As the power requirements change over time due to the changing functionality of the WSN,
the requirements of the power management system also change. Voltage levels and
sensitivity have to scale-down, and current consumption must be decreased to assure
performance with the small amounts of energy available from the environment. A degree of
intelligence to adapt to different operational modes is required to maintain minimum power
consumption and so self-powered operation by energy harvesting transducers. Due to these
small amounts of energy being processed, the power consumption of blocks like step-up

converters or regulators has to be minimised, to arrive at an acceptable efficiency.

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems
Page | 66



Chapter 4- ENERGY STORAGE OPTIONS FOR AIRCRAFT SHM SYSTEM

4. Energy Storage Options for Aircraft SHM System

An energy storage device is generally required to store the energy when it is available and
supply power to an application when needed (Winter and Brodd 2004). Most ambient energy-
harvesting systems are not a constant power supply and produce deficient power at highly
variable voltage levels. Energy storage devices can provide an “immediate power” capability,
eliminating the need for a system to wait for the required energy to become available before
it can operate. Batteries and supercapacitors have so far been used as the primary solution
for powering wireless sensor nodes (WSN) for various applications (Mathuna, O’Donnell et al.
2008). Depending on the application, storage elements have some distinct disadvantages.
However, precisely their size, cost, need for maintenance and the cost of replacement.
Influence of environment temperature on storage units must be evaluated carefully. Energy
harvesting sources cannot provide constant power for charging and this can be problematic
for energy storage units (Schalkwijk and Scrosati 2002). In addition, storage units should have
low leakage current as energy harvesting in aircraft may be not available when the aircraft is

grounded .

As shown in Figure 4.1 energy storage device with high-energy and power density are
required along with energy harvesting system to enable autonomously powered embedded
electronic systems. Even though there are many choices of storage elements, the aircraft SHM
demands energy storage with high cycle-life, operating temperature in a range of at

there has least -40°C to +40°C and with low resistance, leakage current.
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Figure 4. 1 Available storage elements

In order to deliver the power and energy demands of the WSN, an energy storage device
combining high power and high-energy density is required. A Comparison of different storage
elements on the basis of energy and power density is shown in Figure 4.2. Battery only
solutions, due to their relatively high equivalent series resistance (ESR) and limited power
density, can struggle to deliver the required current and voltage simultaneously. In addition to
this, the fact that whilst at room temperature, batteries work perfectly well, but at lower
temperatures, the internal resistance increases leading to reduced capacity is verified with
experimental Characterisation and explained below. This disadvantage has led to the
development of supercapacitors as an alternative storage approach, however, although their

power density is much higher, their energy density is 10%-20% lower than that of a similar

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems
Page | 68



Chapter 4- ENERGY STORAGE OPTIONS FOR AIRCRAFT SHM SYSTEM

physical size battery, so storage of large amounts of energy using supercapacitors will always

be a constraint.

Fuel Cells 0.1 Hr

/ Li-lon

\

Capacitor
" Lithium
> BNI&G
4 attery )
£ |9 Lg?t;:r(;:d Hybrid I
21 Unit %
>
& Ultra-
a1 DoubleLayer Capacitors 0.36 sec
P~ Capacitors
c
. 36 msec
0.1
Capacitors
0.01 Lo
1e 19 power Density (Wikg) 199 10,000

Figure 4. 2 Comparison of different storage elements on the basis of energy and power density
(Maxwell Technologies marketing report)

The energy requirements of sensor nodes vary significantly, ranging for example from
temperature sensors where the power demand is in the order of millijoules to acoustic-
ultrasonic techniques requiring power levels up a number of Joules. The power consumption
of the sensor node itself is also highly dynamic and varies depending upon its state at a
particular time (wake-up, sampling, switching, processing, protocol type, transmission or idle).
During the wake-up state, for example, the sensor node demands significant current whilst

also requiring a constant supply voltage.
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Figure 4. 3 Typical wireless sensor node architecture (Farooq 2011),

As the current demands of a node vary with function, it is crucial to develop an energy storage
system that can compensate for these differences. A sensor node does not present a constant
current load, instead of a pulsing load, with transient peak currents. The power storage
system must be able to accommodate the transient peak currents that will be generated due

to data transmission.

Energy Dengity

Figure 4. 4 Battery powered WSN — offers high energy density

Power Density

Figure 4. 5 Supercapacitor powered WSN — offers high power density

The highly dynamic power demands of a WSN need an energy storage unit that can

accumulate sufficient energy for the required time of operation whilst being able to provide

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems
Page | 70



Chapter 4- ENERGY STORAGE OPTIONS FOR AIRCRAFT SHM SYSTEM

instantaneous high current when required to accommodate, for example, the transmission
state identified earlier in this thesis. Batteries and supercapacitors offer optimal storage

characteristics for these two requirements respectively, as shown in Figure 4.4 and Figure 4.5.

4.1 Batteries
There are three essential factors that need to be considered when selecting a battery for the

aircraft applications; operating temperature, cycle-life and weight.

4.1.1 Battery Specifications
I.  State of Charge (SoC) %: SoC is generally calculated using current integration to

determine the change in battery charge over time.

II. Depth of Discharge (DoD) %: The percentage of battery capacity that has been

discharged. Discharge to at least 80% is referred to as a deep discharge.

[ll.  Internal resistance: As internal resistance increases, the battery efficiency decreases,

and thermal stability is reduced as more energy is converted into heat.

IV.  Nominal Voltage: the Normal voltage of the battery, usually mentioned as operating

voltage.

V.  Energy (Wh): Energy is defined as the multiplication of discharge power (Watts) by the

discharge time (hours).

VI.  Cycle-life: The cycle-life is the number of complete charge/discharge cycles that the
battery is able to support before that its capacity falls under 80%. The cycle-life not
only depends on the depth of discharge but is also affected by temperature and

humidity. The depth of discharge is inversely proportional to the cycle-life.

Commercially available batteries include Nickel-Cadmium (NiCd), Nickel-Metal Hydride
(NIMH), Lead Acid, Lithium-lon (Li-ion) and Lithium-lon Polymer (Li-lon Polymer). The

comparison of advantages and limitations are described in Table 4.1

e Nickel-Cadmium (NiCd): NiCd batteries are considerably hazardous to the

environment due to the presence of toxic heavy metals. The cost is relatively low
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compared with other battery technologies, with a longer charge cycle with high
discharge rate. This technology is mainly used in handheld electronic industrial
devices.

¢ Nickel-Metal Hydride (NiMH): The cycle-life is no better than nickel-cadmium
batteries, but the energy density is improved, and toxicity is lower. This battery
technology is mostly used in handheld personal electronic devices as a replacement
for NiCd batteries.

e Lead Acid: This battery technology is heavier than the previous two batteries, but with
higher energy density, and id usually used in electronic equipment that can tolerate
increased weight and that requires higher energy ratings.

e Lithium-lon (Li-ion): Most personal mobile devices today are powered using Li-ion
batteries. With reduced weight, this battery technology can provide significantly
improved energy density compared to other battery technologies.

e Lithium lon Polymer (Li-ion polymer): Mainly used in handheld communication
devices and with similar advantages of Li-ion battery; the Li-ion polymer can be made
to be flexible or to a specific shape, however.

Table 4. 1 Comparison of types of battery chemistry

Battery

Advantage

Limitations

Nickel Cadmium (NiCd)

Fast-Simple Charging

Relatively low energy

density, toxicity.

Nickel-Metal
Hydride (NiMH)

30-40% capacity increase

over NiCd

Battery requires regular full
discharge to prevent

crystalline formation

Lead Acid

Low Self-discharge rate and

high energy density

Poor weight-to-energy

density ratio

Lithium-lon (Li-ion)

Relatively high energy
density, low weight, ease of

manufacture

Moderate discharge current
Improved life cycle

characteristics

Lithium-lon Polymer (Li-ion

polymer)

Less chance of electrolyte

leakage, flexible technology

Less life cycle compared

with L-lon
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Energy density is defined as the amount of energy stored in a given system of space-per-unit-
volume. Although higher energy density can be provided by traditional battery technologies
such as Lead-acid, in order to achieve a required energy, the weight of the battery can
increase considerably. Lithium has been the first metal of choice for modern batteries
because it is the lightest of all metals. Rechargeable lithium batteries provide a high voltage,
high capacity and high energy density compared with most other battery technologies. Some
of the primary lithium battery technologies include Li/SO;, LI/Mn0O2, and Li/ClO4. Since
lithium metal is naturally unstable, especially during charging, the focus has recently shifted
to non-metallic lithium batteries. The first Li-ion battery was introduced in 1991 by the Sony
Corporation, and since, the Li-ion has become one of most popular storage units used in many
different applications (Schalkwijk and Scrosati 2002). The lithium-ion system has a lower
energy density than the older lithium metal system, but it is safer than its predecessors. The
Li-ion is preferred because its characteristics include high voltage, high energy density, low

self-discharge rates and excellent cycle-life compared with other batteries.

Although lithium-ion batteries have their obvious advantages, care must be taken when
charging these batteries to prevent damage to the lithium cells. Peukert’s Law (also known as
the rate capacity effect) expresses the capacity of a battery in terms of the rate at which it is
discharged, and describes the power relationship between the discharge current and the

delivered capacity. For a one-ampere discharge rate, Peukert’s Law states that:

C, =I*t (4.1)

Where Cpis the capacity of the battery at one Ampere discharge rate, the unit is ampere
hours, I is the actual discharge current, k is Peukert’s constant, and is dependent on the
battery chemistry, and t is the discharge time. This expression is often reformulated to a

known capacity and discharge rate:

t = H()K (4.2)
1H )

Where H is the rated discharge time, and C is the rated capacity at that discharge rate.

Thus, if a battery is discharged at a higher current or shorter time than rated, the capacity of
the battery will reduce. The discharge curve presented on manufacturer data sheets are

mostly for constant current discharging, and the battery discharge current is calculated using
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a constant current discharge figure at room temperature. However, WSNs commonly exhibit
relatively large, fluctuating load currents, which can exceed the maximum discharging
capacity of batteries, for example, during WSN during wake-up or transmission phases, and
significant energy can be lost in the internal impedance of the battery. Catastrophic voltage
drops can occur during these peak current demands, which in turn can lead to problems with
voltage sensitive electronic components such as microprocessors. Typically, a battery is sized
for a system based on its expected average power consumption, so the large pulsed--

discharging current behaviour of a WSN can thus drastically shorten the cycle-life of a battery.

Battery Cycle-life is the number of charges, and discharge cycles before the current capacity
of the battery falls to less than 80% of the capacity when the battery was new. The Li-ion thin-
film battery has a higher cycle-life compared to other batteries. It is difficult to predict the
cycle-life of batteries using an accelerated testing model, for example, since battery life is
affected by temperature, as well as the rate and depth of the discharge cycle. In terms of the
chemical reactions internal to the battery, these are driven either by voltage or temperature
(Dearborn, 2005). Generally, however, the colder the battery, the slower the chemical
reaction resulting in a decreased performance and loss of battery life and a reduction in
performance. This can be a particularly important characteristic when selecting battery

technologies for aerospace applications.

4.1.2 Li-Ion Battery used in the experiment

The MEC202 thin-film Li-ion battery was originally selected as the battery of choice by the
industrial sponsor of this project. This battery was unfortunately discontinued mid-way
through the research project, so a LIR2450 Li-ion battery, as shown in Figure 4.6 has been
used as a replacement. The nominal voltage of the LIR2450 cell is 3.6V, its charging voltage is
4V, and its discharge cut-off voltage 2.75 V. The batteries operating temperature range is
specified as -20°C to +45°C, but for completeness, and as this was the plan for the original
battery, the charging and discharging characteristics of LIR2450 was tested in the

temperature range of -40°C to +40°C.
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Figure 4.6 LIR2450 Li-ion batteries with battery cover

Although not the ideal choice of battery, the LIR 2450 was selected as the best alternative for
this experimental study due to it being readily commercially available, and to allow the novel
ideas of switched-energy storage in chapter 6 to be continued and further developed.
Although there were other solid-state batteries available from Cymbet Corporation, the

energy ratings (5uAh to 50pAh) were not suitable for this application.

4.1.3 Standard Li-ion battery VS Thin-film solid state battery

The rechargeable Li-ion battery has high energy density compared with other battery
technologies and is usually the preferred choice of the power source from smartphones to
aircraft applications. However, the standard rechargeable Li-ion battery suffers from the
build-up of dendrites, a problem popularised by the grounding of Boeing flights in 2013, as Li-
ion batteries, affected by dendrites were shone to be prone to failure, overheating and
catching fire. Dendrites may occur due to the fast charging and discharging cycles or high
current flow during the discharge. Dendrites are a growth of microscopic fibers of lithium on

the surface of lithium electrolyte and can eventually contact the other electrolytic material.
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Figure 4.7 Li-ion coin cell cross-sectional view (Lin, Nordlund et al. 2014)

The electrical current that passes through this dendrite is thought to be the cause of
overheating, resulting in the potential explosion of the battery (Tarascon and Armand 2001).
Many researchers have worked on ways to prevent dendrites growth in Li-ion battery (Zhang
2007), and the most common method is a uniform current distribution throughout the
separator of the battery. The separator is a layer between the two electrolytes as shown in

Figure 4.7.

In contrast, the thin-film battery is not a standard Lithium battery and uses a solid-state
electrolyte — a material referred to as LiPON (Lithium phosphorus oxynitride) as shown in
Figure 4.8. This material has the benefit of allowing the ready flow of lithium ions for high

currents, to avoid the risk of dendrites and minimizes the leakage current.

Insulating Material
Al
Metallized Flex Circuit Encapsulation Negative

Insulating Material

LIiPON

170pm Electrolyte

Metal Foll Substrate (cathode current collector) Positive

Figure 4.8 A cross-section of a solid-state thin-film battery (infinite power solutions, marketing
material on advantages of MEC batteries)
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Thin-film secondary cells are a specific class of lithium-ion cell in which the reduced

dimensions of the components increase the active surface areas of the electrodes, allowing

manufacturers to combine more active ingredients into a smaller cell volume. The result is

dramatically increased performance, most notably in the power and energy density ratings.

The electrolyte is also solid state; a unique benefit of solid-state thin-film batteries is their

ability to work at low temperatures. Having a solid-state electrolyte ensures issues such as

the battery case breaking and causing leakage, is no longer a limitation.

With more energy density, the use of the solid-state battery can considerably reduce the

overall physical size of the WSN. Solid-state batteries are also environmentally friendly in

comparison to traditional batteries, being less harmful to the environment. The advantage

for this type of solid-state Li-ion battery are described in Table 4.2.

Table 4. 2 Comparison of commercially available batteries

Manufacturer | Chemistry | Operating | Cut-off | Average | Weight | Temperature
Voltage | Voltage | Cycle- m gm
life
Infinite Power | Li-ion thin- | 4 2.5 10000 975 -40°C to +85°C
Solutions film
MEC202
Varta Nickel- 3.6 3 1000 1300 -20°C to +85°C
metal
hydrate
Maxell Li- 3 2 1500 1500 -20°C to +75°C
Magnese
Dioxide
Li-Polymer | 3.7 3 1000 -20°C to +85°C
Cymbet Li-ion Solid | 4 2.4 5000 50 -40°C to +85°C
State
Yuasa Nickel- 1.2 - 1000 50000 | -20°Cto +85°C
Cadmium
Multicomp LI-ion Coin | 3.6 2.75 1000 5500 -20°Cto 45°C
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For the reasons highlighted below, the Li-ion thin-film battery is often used in aircraft energy

harvesting applications and on this basis, requires further experimental characterisation.

e The MEC202 thin-film Li-ion battery is suitable for energy storage with energy
harvesting sources because it can be efficiently recharged with pulsed or continuous
current as low as 1 pA

e The average cycle-life of the thin-film solid-state Li-ion battery is 10000 cycles,
whereas the standard Li-ion battery is typically only 1000.

e The operational temperature range is better in comparison with standard Li-ion cell
batteries.

e With more energy density, think film Li-ion battery is preferred for powering WSN.

e Thin-film solid-state Li-ion batteries have a protection layer to prevent the

occurrence of dendrites.

4.2 Supercapacitors

The disadvantages of batteries have led to the development of supercapacitors as an
alternative storage approach. The supercapacitor, also known as a double-layer capacitor, can
provide high-energy density as the capacitance increases. For this work, the most significant
advantage over batteries, however, is the supercapacitor can also provide high power density.
Typically, the WSN demands high current in various operational modes, and typically in pulses
in the millisecond time range. Additionally, it should be noted that harvested energy does not
provide a constant source of energy, and charging will only happen during times of energy
availability. Because of this, the energy storage elements will be exposed to many charge and
discharge cycles. With a much higher cycle-life performance compared to a battery, the

supercapacitors are often the preferred choice.
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4.2.1 Supercapacitors Specifications:
I.  Polarity: Like batteries, supercapacitors are designed with positive and negative

electrodes.

II.  Cycle-life: Supercapacitors have a much longer cycle-life than rechargeable batteries,
but not infinite. The effect of external factors such as temperature can increase the
equivalent series resistance (ESR) and also reduces the capacitance, although this

effect is much smaller in comparison to batteries.

. Nominal Voltage: Supercapacitors are rated with a nominal working voltage.

Prolonged exposure to increased working voltage can reduce the lifetime.

IV.  Leakage current: Due to the way in which supercapacitors are constructed, there is a
high-impedance internal leakage current path from the anode to the cathode. This
means that in order to maintain the charge on a capacitor a small amount of additional

current may be required.

In 1957, researchers from General Electric Company (GEC) performed the first experimental
study into the concept of the supercapacitor, although at that time, there was no commercial
application for such an electronic storage element. During the research work on the fuel cell
in 1966, Standard Oil Company invented an efficient way of storing energy in the form of a
double layer capacitor. This technology was sold to the NEC Company, who marketed it in

1978 as physical memory backup device for personal computers (Brodd, 2004).

With the advancement of materials in early 1990’s the electric double-layer capacitor (EDLC)
was manufactured with better efficacy than its predecessors. As shown in Figure 4.9, the EDLC
consists of two layers activated carbon with an electrolyte and a separator. The double layer
phenomenon is defined as the absorption and desorption of ions as the voltage is applied
(Wei and Ng 2009). The capacitance is directly proportional to the surface area, as the energy

density of the supercapacitor increases, the size also increases.
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Figure 4. 9 Schematic of ELDC (white paper on cellergy CAP technologies)

The current supercapacitor competes with, and in some cases, can replace the battery due to
advantages such as rapid-charging and near unlimited cycle-life. Unlike the electrochemical
battery, which has a defined cycle-life, there is little degradation caused by cycling a
supercapacitor and age does not affect the device in the same way as it has an impact on a
battery. The supercapacitor can be charged and discharged, a virtually unlimited number of
times (Wang et al.,, 2009). Unlike the battery, the supercapacitor does not require
overcharging production circuit, the charging current stops once the supercapacitor is fully

charged.

The advantages of supercapacitors are high power density and high cycle-life. Supercapacitors
can accommodate the peak current demand from a wireless sensor, due to their enhanced
power density. The electric double-layer capacitor or supercapacitor can operate comfortably
over a wide temperature range, commonly -40°C to +70°C, which importantly is suitable for
aircraft applications considered in this thesis. However, long time exposure of the
supercapacitor to higher temperatures will reduce its cycle-life, as the temperature is a

significant factor in the ageing of storage systems.
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4.3 Experimental Setup: Characterisation of a Li-ion thin-film battery,

a standard Li-ion battery and a supercapacitor

As the aircraft application considered here is temperature dependent, the storage elements
need to operate at least from -20°C to +40°C, and as is considered here, a worst-case range
between -40°C to +40°C. In the applications considered here, this allows the use of
thermoelectric modules, but also presents a problem as the ESR of storage units varies
significantly with temperatures. In the experimental work presented here, a climatic chamber
within a range of -40°C to +40°C as shown in Figure 4.10 is used to model this environment,
and to characterise the storage elements. Equipment used for the experiments are a Keysight
N6705B-DC Power Analyser comprising a N6781A: a 2-Quadrant Source/Measure Unit for

Battery Drain Analysis and a N6784: a 4-Quadrant General-Purpose Source/Measure Unit.

LabVIEW is an industry standard software programming and control environment that has
been used to interface with and control the N6705B and for data logging. Keysight’s 14585A
control and analysis software were used for creating the energy harvesting power output

profile required for TEG emulation.

= HT 4010

Figure 4.10 Experimental set up for characterisation of energy storage elements under the different

temperature range with climatic chamber
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4.3.1 Charging Experiment

The TEG output profile created in section 2.5 was used to programme the N6705B power
analyser, and to charge the batteries and supercapacitor. The charging voltage applied to the
energy storage elements was data logged using a dedicated channel (channel-2) of the
N6705B power analyser. The N6705B power analyser output was used to drive the LTC 3109,
and the storage element was connected directly to the Vou: pin of LTC3109. To analyse the
influence of temperature on charging batteries and supercapacitors, an experimental
arrangement was designed within a climatic chamber with a temperature range capability of

-40°C to +40°C.

4.3.2 Discharging Experiment

A pulsed-load representing the node-idle and transmission states of the strain WSN, explained
in chapter 2.5, was used as the load condition. This involved establishing a node-idle state
with duration (to) of 4.95 s and a current demand of 0.07 mA, followed by a transmission state
with duration (t1) of 50 ms and a current demand of 14.95 mA. The total time (t) of one cycle
was 5 s. This pulsed- waveform emulates the load, and the discharge voltage of each storage
element is data logged and later plotted. To analyse the temperature influence on battery
and supercapacitor discharge, an experimental arrangement was designed and cycled within
a climatic chamber within a range of -40°C to +40°C.The batteries and supercapacitors were

charged and discharged at the same temperature.

4.4 Result-Analysis: Characterisation of Li-ion thin-film batteries,

LIR2450 standard Li-ion battery and Supercapacitor

4.4.1 Leakage Current Measurement - MEC 202 battery

To measure the leakage current, i.e. the additional charging current required to maintain the
storage element at the specified voltage value, the Keysight N6705B was set-up as a DC power
supply, and channel-2 was used for the current measurement. A 1 Q, Rext precision resistance

was connected in series with the battery. The positive and negative terminal of channel
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N6705B was connected to the positive and negative terminals of the battery. The channel 2
was connected across the Rex, and the channel 2 was set up as voltage measurement unit. A
jumper was installed across the Rext. The battery was charged to 4 V with a constant voltage
charging method. After the one-hour hold, the jumper across the Rext was removed. The

voltage Vext across the Rext Was data logged 1 sample per minute on channel 2.
Leakage current = Voyt/Roxt (4.3)

The measured maximum leakage current for the MEC202 thin-film battery was found to be
0.006mA at room temperature (20°C). This measurement was then repeated at various

temperatures within the climatic chamber, as detailed in Table 4.3.

Table 4. 3 Leakage current of MEC 202 at various temperatures

Temperature °C Maximum Leakage current mA
+40°C 0.08
+30°C 0.02
+20°C 0.006
-20°C 0.006
-30°C 0.012
-40°C Discharging collapsed

4.4.2 Charging Characteristics of Li-ion thin-film battery-MEC202

The MEC 202 battery was charged at a constant voltage of 4V as shown in Figure 4.10, using
the Keysight N6705B. Constant voltage charging is recommended throughout in the
datasheet as the MEC 202 has high internal resistance and provides sufficient current limiting
so long as the voltage does not exceed the maximum charge voltage. No current limiting
circuit or battery charging IC is used in this charging experiment as Keysight N6705B is a

precise DC power source and analyser.
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Figure 4. 11 Charging profile of a MEC 202 in different temperature range

In all cases, the charging was initiated from 2 V, which is the battery’s cut-off voltage and was
charged at a constant voltage of 4V, with 25 mA charging current as shown in Figure 4.11. The
charging time can be seen to be more or less same for -20°C and +20°C. The Charging time is
considerably reduced as the temperature increases, and in -40°C no charging took place, so it

was not shown.

The MEC202 thin-film battery was not charged using the TEG output profile created in chapter
2.5; the battery was discontinued. LIR 2450 standard Li-ion battery will be used as a

replacement.

4.4.3 Charging Characteristics of Li-ion battery - LIR2450
The experiment was set up for 80 minutes and tested in 2 trials, with +/- 1% error bar added

to the graph, to identify any errors over +/- 1 % of the values.

The LIR2450 was charged in two different voltages, first with a constant voltage of 4V, and
then using the TEG voltage output profile as identified section 2.5.1. To demonstrate the
switched-energy storage, LIR 2450 was charged with created TEG output profile from chapter
2.5. The LIR 2450 operating temperature range is -20°C to 45°C, but to suit the aerospace

application, this was extended to include testing at -30°C and -40°C.
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For the constant voltage charging method, the battery was discharged with 1Q load resistance
down to 3.5 V at the same temperature used for charging. The constant voltage experiment
was tested in 2 separate trials to establish some degree of repeatability and accuracy of the
results. Channel-1 of N6705 B was set up as a source, and channel 2 was used for data logging

the charge curve of the battery.

As shown in Figure 4.12, the LIR2450 starts to charge immediately and reaches it charging
voltage level of 4 V within minutes in the positive temperature range of +30°C to +40°C. The
increase in temperature increases the movement of ions in battery and so the charging time
was lesser in high temperatures. The battery reaches it charging voltage of 4 V with a delay
time of 28 minutes at -20°C and +20°C. The charging rate reduces further to 33 minutes delay
at -30°C. And in -40°C it never reaches the 4 V charging voltage during the 80 minutes

experiment.
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Figure 4. 12 Charging profile of a LIR2450 in different temperature range with a constant charging

voltage

1% error bar was added to the graph, as shown in Figure 4.13. There is no error observed

outside of this bound, for the 2 trials.
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Figure 4. 13 Charging profile of a LIR2450 in different temperature range in 2 trials with +/-1% error
bar

The LIR 2450 charges well within the temperature range of +20°C to +40°C and with charging
time delay in the temperature range of -20°C to -40°C. -30°C to -40°C is below the operating

temperature range of LIR 2450.

The TEG output profile generated by the N6705B was delivered to the input of the LTC 3109
DC-DC converter, and channel 2 was used for capturing the battery voltage at the Vout pin of
LTC3109. As shown in the Figure 4.14 the LIR2450 charging rate considerably reduces as the
temperature decreases. At constant voltage charging method in -40°C, LIR 2450 was charged
only up to 3.90 V from 3.5V, in other temperatures the battery was able to reach 4 V with
time delays. The LIR 2450 charged with LTC 3109, was able to reach 3.9254 V from 3.9461 at
-40°C, at both the charging methods the -40°C temperature range was the least charging rate

compared with other temperatures.
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Figure 4. 14 Charging profile of a LIR2450 in different temperature range with generated TEG energy

harvesting output profile at different temperature range

The LIR2450 could charge up to 4.0025 V at +40°C and charge up to 3.9925 V at -40°C, as

described in Table 4.4. No error over plus or minus 1 % were identified with the measured

values as shown in Figure 4.15.

Table 4. 4 LIR2450 charged voltage levels at various temperature ranges

Temperature at degree Celsius LIR2450 charged voltage
v
-40°C 3.9925
-30°C 3.99483
-20°C 3.9953
+20°C 3.9965
+30°C 3.9969
+40°C 4.0025
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Figure 4. 15 Charging profile of a LIR2450 from the generated TEG energy harvesting profile at

different temperature range with +/-1% error bar, for 2 measurement runs

4.4.4 Discharge Characteristics- Li-ion battery- MEC202

At higher temperatures, the MEC202 can be seen to have improved performance as the

mobility of the electrolyte materials increases, resulting in lower internal resistance, which in

turn increases the effective capacity of the battery, as shown in Figure 4.16. At a low

temperature below -20 °C, the MEC202 battery clearly cannot function correctly and does not

achieve the charge voltage. For negative temperatures, there is an abrupt collapse in voltage

at different points of the discharge curve. This is because the increased internal resistance of

the battery leads to reduced capacity. At -40°C the battery does not function at all, and the

experiments were repeated to confirm this. As the temperature increases, the movement of

ions increased, and the capacity improves leading to better performance of the battery.
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Figure 4.16 Discharge curve of thin-film Li-ion Battery under Pulsed-load Condition at different
temperatures.

The discharge curve data was logged at 20ms/Sample; the voltage drop was created by the
high peak current demand at every 5 seconds, explained the batteries reduced discharge rate
under pulsed-load condition. With the increase in battery resistance at a negative voltage,
the voltage drops increases, and the batteries discharge curve collapsed. With a high sampling

rate of 20ms/sample resulted in the distorted curve as shown in Figure 4.16.
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Figure 4.17 Voltage drop comparison from +20°C to +40°C of thin-film Li-ion battery under Pulsed-
load Condition (this is the same plot as Figure 4.16 but for a compressed time frame)

The power density of the battery is low compared with supercapacitors, and with a relatively
low capacity of 1.7mAh and high internal resistance of 22Q, the MEC 202 was not able to
provide sufficient current during the ...transmission state (t1) of 50 ms. However, the MEC202
tries to meet the high current demand during the pulsed-load peak current demands and
results in the high voltage drops as shown in Figure 4.17. At negative temperatures, the
movement of the electrolyte was restricted resulting in higher internal resistance, and the

voltage drops increase more for those peak current demands.
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4.4.5 Discharge Characteristics- Li-ion battery- LIR2450

As was the case with the MEC202, at higher temperatures the LIR2450 has better

performance, but as the temperature decreases the voltage drop increases as shown in Figure
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Figure 4. 18 Discharge curve of Li-ion LIR2450 battery under Pulsed-load Condition in different

temperatures.

The increasing voltage drop for negative temperatures will reduce the runtime of WSN. As

shown in Figure 4.18 the voltage drop is only 0.0006V at +40°C and increases to 0.016V at -

40°C. Due to the increase in internal resistance of the battery at lower temperatures, the

voltage drops is increased in lower temperatures.

Two separate runs of the experiment were carried out for the confirmation of results. The

discharge experiment was conducted within 3 minutes of the charging experiment to make

sure charging and discharging are experimented were in the same temperature range. As

shown in Figure 4.20, the repeat measurement results varied by much less than 1% .
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Figure 4. 19 Voltage drop comparison at -40°C and +40°C of Li-ion LIR2450 battery under Pulse Load
Condition (this is the same plot as Figure 4.18 but for a compressed time frame)

Voltage(v)

4.0 +

RERRRARRRRRARARARAS) T

3.8

3.7 +

3.6

3.5

TT\FWW “I T

-40°C
-30°C
-20°C
+20°C
+30°C
+40°C
-40°C Trial 2
-30°C Trial 2
-20°C Trial 2
+20°C Trial 2
+30°C Trial 2
+40°C Trial 2

T M T

10 20

T T T T T

30 40 50
Time(mins)

60

T T T N

70 80

Figure 4. 20 Discharge profile of Li-ion LIR2450 battery under Pulsed-load Conditions, for different
temperatures with +/-1% error bar

The operating temperature of LIR 2450 is -20°C to +45°C, but the experiment was carried out

at a lower temperature than their minimum operating temperate. The exposure of the

battery to lower operating temperatures considerably decreases the cycle-life of the battery.
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4.4.6 ESR and capacitance of a supercapacitor

The equivalent series resistance (ESR) contributes towards the voltage drops for the pulsed-
load discharge. The ESR varies depending on the temperature as the application demands the
supercapacitor to work in the temperature range of -40°C to + 40°C. It is necessary to measure
the ESR at a different temperature to understand the voltage drops caused due to pulsed-
load in a supercapacitor(Gualous, Bouquain et al. 2003). The value of capacitance also varies
based on the temperature, and to calculate the exact amount of energy to be stored in a
supercapacitor. The change in capacitance of supercapacitor based on temperature must be

measured.

In order to measure the ESR and capacitance of various supercapacitors, the Keysight N6705B
power analyser instrument specific parameters were established through the instrument’s
user interface software: amp= 0; end amplitude = -2; delay = 2; pulse time =4; end time= 2;
reset count = 1 (Maxwell technical guide). The required discharge curve was established by
setting up the markers on the data logger. The capacitance and ESR were then measured and
calculated using equations (4.4) and (4.5). The experiment is conducted between -40°C to +

40°C in the climatic chamber using Keysight N6705B.

Idxtd __ ldxtd

Capacitance = = (4.4)
Vw-Vf vd
ESR = /=72 (4.5)

Based on the constant current test (Maxwell Technical Guide 2010), it was possible to

calculate initial working voltage v, discharge current g, voltage 5 seconds after removal of
load Vi, minimum voltage under load vV and time to discharge from the initial voltage to
minimum voltage t,

Increases in ESR at the lower temperature are only a temporary effect due to the increased

viscosity of the electrolyte and slower movement of the ions. Increases in ESR at the higher
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temperature are a result of permanent degradation due to the electrolyte decomposition

inside the supercapacitor (Uno and Tanaka 2012).

Table 4.5. Measurement of ESR and Capacitance for a variety of different supercapacitors at

different temperatures.

Manufa Maxwell PC Maxwell BP Panasonic Nesscap Cap xx
cturer 10-5F series-5 F 5F 25F 1.20F
O O O (@) O
o C C C [t C
2 9 S S 3 S S
€ T o o o [oX o
2 © © © © ©
(@] o o (@] (@]
-40 389 4.82 152 4.67 261 4.78 72 2.42 70 1.53
-30 381 4.86 149 4.76 254 4.82 66 2.29 64 1.49
-20 379 4.89 142 4.84 249 4,94 62 2.32 54 1.46

+20 371 4.85 140 | 4.89 244 5.2 65 2.38 52 1.46
+30 402 | 4.84 144 | 4.72 249 | 4.98 72 2.28 59 1.38
+40 418 | 4.82 154 | 466 @ 259 @ 4.88 81 2.17 64 1.24

4.4.7 Self-Discharge Characteristics of Supercapacitor

The main disadvantage of the supercapacitor is the high associated self-discharge rate and
leakage current (which is essentially the same thing measured in different ways). These are
due to the supercapacitor construction which results in a high impedance internal current
path from the anode to the cathode. To maintain the charge on the capacitor a small amount
of additional current is required and during charging is referred to as the leakage current.
When the charge voltage was removed, and the supercapacitor not loaded, the capacitor will
naturally discharge through this high-impedance, and this is referred to as self-discharge. The

initial self-discharge rate and the effect of time are as shown in Figure 4.21.
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The supercapacitors were charged to 4 V, using the channel 1 of N6705B. The same channel
was switched into voltage measurement mode, and the open circuit voltage of the
supercapacitor was recorded for 24 hours. With equation 4.6, the self-discharge in percentage

was calculated using the excel. V the charge voltage and Vo, the measured open circuit voltage.

V-Vo
Vo

Self-discharge (%)= abs(100 *

) (4.6)
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Figure 4. 21 Self-Discharge rate at room temperature

The self-discharge rate was not monitored over different temperature ranges, but it is known
that it varies as the ESR and Capacitance changes. Leakage current was measured for two
Maxwell PC-10 5 F supercapacitors in series, in various temperature as listed in Table 4.6, with
the same principle used for battery using Keysight N6705 B. As expected there was little
difference in leakage current difference as a function of temperature, however, the leakage

current for the MEC 202 battery comparatively high.
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Table 4. 6 Leakage current of two Maxwell PC-10 in series 5 F at various temperatures

Temperature °C

Leakage current mA

+40°C 0.094
+30°C 0.091
+20°C 0.086
-20°C 0.086
-30°C 0.078
-40°C 0.072

4.4.8 Charging Characteristics of Supercapacitor- with constant voltage

The Maxwell two PC-10 in series 5 F, was charged up to 4 V at a charging current of 50 mA in

a temperature range of -40°C to +40°C using the Keysight N6705 B. The channel of 1 N6705B

was connected to the supercapacitor and the data was logged at 1 sample per second.
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Figure 4. 22 Charging of Maxwell two PC-10 in series 5 F supercapacitor at different temperatures

As shown in Figure 4.22 the temperature does not affect the charging of the supercapacitor,

that charge more or less at the same rate from -40°C to +40°C.
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4.4.9 Charging Characteristics of Supercapacitor- with energy harvesting

As was the case for the batteries, the supercapacitor is also charged with TEG output profile
as explained in the experimental setup, involving a voltage source and series resistance. The
LTC 3109 is used as the power management unit and the supercapacitor used is a Nesscap 1.5
F is connected to the Vout pin of the LTC 3109. The LTC 3109 and the supercapacitor were
placed in the climatic chamber, and the experiment was tested in 2 separate trials for
measurement robustness. The supercapacitor was discharged down to 0.8 V at +20 °C before
it was charged at +20 °C. The supercapacitor was discharged down to 0.8 V for every

measurement, at the same temperature as that which it was to be charged.
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Figure 4. 23 Charging profile of a Nesscap 1.5 F using TEG output profile for different temperatures

As shown in Figure 4.23, the Nesscap 1.5 F reaches the charging voltage of 1.4 V from 0.8 V
at same charging time in the temperature range of 40°C to +40°C for the given input voltage
from LTC 3109. Similar to Maxwell 5 F supercapacitor, Nesscap 1.5 the charging time was not
affected by the temperature. This is considered as on the most important advantages of

supercapacitors over batteries.

As shown in Figure 4.24, no variation between measurements over plus or minus 1 % were

identified with the measured values from the two repeat experiments.
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Figure 4. 24 Charging profile of a Nesscap 1.5 F using TEG output profile in different temperature
range with +/- 1% error bars
4.4.10 Discharge Characteristics of Supercapacitors- without step-up
The Maxwell two PC-10 in series 5 F, was charged up to 4 V and discharged under the pulsed-

load condition at temperatures in the range of -40°C to +40°C in the same way as the batteries.
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Figure 4. 25 Discharge curves of Supercapacitor under Pulsed-load Condition in different
temperatures.
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The discharging of the supercapacitor is not significantly affected by the temperature range
as shown in Figure 4.25. In prolonged use, the temperature in combination with voltage can

affect the cycle-life of the supercapacitor.

There are even small levels of voltage drop in the supercapacitor for WSN application. To
minimise the voltage, drop, it is better to use a low ESR value supercapacitor. | the discharge

current for t seconds and Cis the capacitance.
Vdrop= I (R+ t/C) (4'7)

Figure 4.26, demonstrates that, as is the case for batteries, there is a small voltage drop in
supercapacitors when presented with a pulsed-load, representing WSN. The voltage drops
were relatively very small compared to the battery. So, for WSN application supercapacitor

with low ESR and leakage current are preferred.
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Figure 4.26 Voltage drops in supercapacitors under Pulsed-load Condition at different temperatures
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4.4.11 Discharge Characteristics of Supercapacitors- with step-up converter

Even though the supercapacitor does not have a cut-off voltage like a battery, all the energy
stored in the supercapacitor cannot be used because any ASHM WSN requires a constant
voltage supply of typically 3.3 Vor 5V, so, powering a WSN through step-up converter from
supercapacitor was a preferred method. The LTC 3539 was tested for the 5 V output, in
ordered to understand the efficiency, for the maximum output voltage. The LTC 3539, has a
high conversion efficiency and with no performance degradation with temperature variation

as described in chapter 3.7.

The Nesscap 1.5 F supercapacitor was charged up to 4 V at + 20 ° C. The supercapacitor
attached as the input (Vin) to the LTC 3539; channel 1 of N6705B was connected to the
supercapacitor for data logging the discharge curve. The pulsed-load representing WSN

function of node-idle and transmission was provided as a load to LTC3539 through channel 2.
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Figure 4.27 Discharge curve of Supercapacitor with Step-up LTC3539 under Pulsed-load Condition for
different temperatures.

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems

Page | 100



Chapter 4- ENERGY STORAGE OPTIONS FOR AIRCRAFT SHM SYSTEM

As shown in Figure 4.27 , the output voltage from LTC 3539 drops to 0 V as the supercapacitor
reached 0.8 V. The Step-Up converter was able to provide a constant output voltage of 5 V

under the pulsed-load condition until the supercapacitor reaches 0.8 V.

At -40 ° C, the supercapacitor discharges to 0.8 V in 30 minutes, and as the temperature
increases to +40° C, it reaches 0.8 V in 35 minutes. A detailed study on energy conversion
losses in LTC 3539 must be conducted, but it can be seen that by using this approach, virtually
all the energy stored in the supercapacitor can be used to power the WSN. The influence of
temperature introduces a discharge rate difference of approximately 5 minutes in this
application. From the experimental result of Maxwell 5 F supercapacitor without a step-up
converter, the discharge rate was more or less equal for all the temperature range, so the five

minutes difference can be considered due to the influence of temperature in LTC3539.

4.5 Chapter Conclusion

From the critical analysis made in this chapter, two significant effects have been
demonstrated. The first is, at negative temperatures a battery’s internal resistance increases
due to the restriction of ion movements. Secondly, The ESR of a supercapacitor increases at
positive temperatures. Battery efficiency increases at a positive temperature and
supercapacitor efficiency increase at negative temperatures, but prolonged usage of storage
elements in adverse temperatures will reduce the life cycle of those elements. As MEC202
was discontinued, the LIR2450 was used as an alternative battery. The three major differences
between these batteries are the LIR2450 has an operating temperature of -20°C to +45°C, the
average cycle-life of 1000 measured for constant current discharge and do not have a
protection layer to protect the possible occurrence of dendrites. Even though LIR2450
performed better than MEC202 in lower temperature, because of the high capacity of
120mAh, continuous exposure will further reduce the cycle-life. Both batteries and

supercapacitors have their own advantages and disadvantages.

To meet the requirements of a WSN, the energy storage should have both energy density for
longer running time and power density for the peak current demand, so, the battery and

supercapacitor cannot be used as a standalone storage unit for WSN applications. From the
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experimental results in this chapter both the MEC 202, LIR 2450 has higher voltage drops
compared with a supercapacitor and the voltage drops increases with a decrease in
temperature. Supercapacitor has a lower voltage drop for a pulsed-load representing WSN,
but with lower energy density it is compromised in terms of how long it can supply power. To
overcome this limitation, high Farad supercapacitors can be considered, but the as the
capacity increases so too does the ESR and leakage current. In energy harvesting applications,

energy loss in the from leakage current will be a bigger disadvantage.

Energy storage in energy harvesting is crucial; there is a need for energy storage that can
address challenges above. Typical energy storage for AASHM should be capable of working at
different temperatures with minimal energy loss. One such system is discussed in the next

chapter.
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5. Hybrid Energy Storage

Batteries and supercapacitors are popular choices of storage device for conventional WSNs
without energy harvesting, but as discussed in Chapter 5, neither represents the ideal
solution. Supercapacitors possess low energy density while batteries have low power density.
When using a battery-only solution for storage, the runtime of a sensor node is typically
reduced by the battery’s relatively high internal impedance and other internal losses.
Supercapacitors can overcome some of these problems, but generally, do not provide
sufficient long-term energy to allow advanced health monitoring applications to operate over
the extended period is necessary. Supercapacitors have complementary characteristics to
batteries and vice versa, therefore using them in a parallel combination can be
complimentary. A number of researchers are undertaking both theoretical and experimental
studies to demonstrate that hybrid energy, as shown in Figure 5.1, is a possible solution for
wireless sensors (Smith, Mars et al. 2002). However, despite extensive work done with hybrid
energy storage units, their advantages and disadvantages have not been thoroughly analysed
in low-power wireless sensors and in particular, performance when combined with energy
harvesting. To fully evaluate the value of including supercapacitors in hybrid systems is a

major task.
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Figure 5. 1 Hybrid Energy Storage in Parallel Connection
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The idea of using hybrid energy storage for WSN was developed originally for the automotive
industry (Anthony US Patent 2006). Here, large supercapacitors were used, placed across
batteries to match the high current demand from speakers for large base or heavy drum beat.
This scenario is analogous to the high current demand for the node-idle and transmission
functions of a WSN. Although normal ceramic capacitors can be used as buffer capacitors for
hybrid systems, the supercapacitor is preferred in aircraft applications for their operating

capability in the different temperature range.

A hybrid energy storage solution can provide both energy and power density to a WSN as
shown in Figure 5.2. The common definition of an efficient energy storage system for a WSN

is a storage unit that can provide longer run-time (Penella and Gasulla 2010).

Energy Density

Power Density

Figure 5. 2 Overview of Hybrid energy storage with WSN

Longer WSN run-times can be achieved by using batteries with higher energy density.
However, because of the high associated internal impedance or equivalent series resistance

(ESR), a significant voltage drop can appear, as explained in chapter 5.

The voltage drops developed across the internal resistance of the battery prevents access to
all the available charge, thus leading to a reduction in the runtime of the WSN. One way to
decrease the batteries’ internal resistance is to increase the surface area available for the
chemical reaction within the battery. However, the disadvantage is this leads to a reduced
energy density and higher leakage, which again decreases the runtime. From the
Characterisation conducted and presented in this thesis, it is understood that the battery’s

ESR increases with reducing temperature, leading again to potential run-time reduction.
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Unlike batteries, supercapacitors do not have high ESR and associated voltage drops, and as
a result, can provide longer run-times for a conventional WSNs. High capacitance (> 1 Farad)
supercapacitors need to be used to store sufficient energy. As capacitance increases, it should
be remembered that the leakage current, ESR and weight will also increase, and this is

considered as a drawback.

In (Holland, Weidner et al. 2002), an experimental approach was proposed for calculating the
optimal value of C capacitance, to be added in parallel to the battery in a hybrid system. A
series of equations were theoretically derived, which were used to compare the voltage
developed across a load against the internal resistance of the battery. Battery technologies
with lower ESR such as NiMH do not generally benefit by having a parallel supercapacitor
connected across them. In AASHM applications, a battery’s ESR varies with temperature, so
it would be difficult to adopt the proposed equations of Holland. In (Dougal, Liu et al. 2002)
power and life extension under pulsed--load conditions for a hybrid system is theoretically
analysed, but no experimental results were provided. Both papers discuss conventional WSNs
without energy harvesting. For AASHM applications, energy storage is a crucial part of the
system and energy stored during the times of inactivity can be used to power the WSN later
in the flight cycle for example. The Energy loss in the form of internal impedance in a battery
or leakage current in a supercapacitor is not acceptable, so the selection of storage elements
is mainly made based on the needs of the application. The WSNs used in aircraft applications
use low power sensors and need to be powered from locally harvested energy. The amount
of energy storage required is basically calculated depending on the power level and time
required for the application. The stored energy can be equally divided between battery and
supercapacitor in the hybrid system. From chapter 4 however, it is understood that the
leakage current is higher in a supercapacitor, so it is desirable to minimise the amount of
energy stored in the supercapacitor. The battery, with higher energy density and lower
weight, will be a possible option to store more energy in the hybrid system. Figure 5.3 shows

an assembled hybrid storage unit for testing.
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Figure 5. 3 Assembled storage units showing two supercapacitors and a battery

5.1 Characterisation of Hybrid Energy Storage

In the average energy consumption of a strain wire sensor was measured as 40 J, and based
on this value, a battery and supercapacitor were selected. A comparison was made between
two storage units comprising of two series connected Maxwell PC-10 series supercapacitors
yielding an overall capacitance of 5.54 F, and a hybrid energy storage unit comprising a single
Nesscap 2.4 F supercapacitor in parallel with a MEC202 1.7 mAh thin-film battery. The
combination of LIR 2450 and Nesscap 1.5 F was not tested in hybrid combination, as LIR 2450
standard Li-ion was only chosen to demonstrate switched-energy storage in chapter 6. The
exact capacitance values measured using Keysight N6705B is used to calculate the energy.
This results in the two energy storage solutions offered similar energy density and similar

operating voltages as shown in Table 5.1.

Table 5.1 Comparison of storage units

Storage Unit Voltage Applied Energy Weight

(V) () (g)
Maxwell PC-10 4 41.32 12.6

(2 in series: 5.54F)

MEC202+ Nesscap 4 44.48 5.975

LIR2450+Nesscap 4 1578 10.02

(Possible Combination)
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5.1.1 Charging of Hybrid Energy Storage-1(MEC202+Nesscap)

A supercapacitor is charged using a Li-ion battery under various temperature ranges using a
climatic chamber. As shown in Figure 5.4 charging profile of the hybrid combination- 1 looks
similar to the charging profile of battery. With charge current limited to 25mA, the charging
time was lower at positive temperatures. The charging was initiated from 2 V, which was the
battery’s cut off voltage. However, the hybrid energy storage reaches 4V more similarly to
battery charging time, but it took longer time stabilise charge state as shown in Table 5.2. This
because the addition of the charging rate of the supercapacitor is restricted to fewer

discharges current of the battery.
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Figure 5. 4 Charging profile of hybrid energy storage at different temperatures
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Table 5.2 Charging time of hybrid storage unit at various temperatures

Temperature °C Time (minutes)
+40°C 44
+30°C 46
+20°C 56
-20°C 60
-30°C 74
-40°C Charging not initiated

5.2 Runtime Extension of a WSN
To demonstrate that a hybrid storage unit can increase the runtime of a sensor node, the
comparison between equivalent storage units was made under the same pulsed-load

conditions that are used for the above, single element experiments.

The hybrid combination of MEC202 + Nesscap 2.4 F has 3 Joules more energy capacity than
that of the Maxwell PC-10 (two in series with a total capacitance of 5.54 F). In addition, the
weight of the hybrid system is almost half the weight of the supercapacitor only solution

which is an important advantage of the hybrid. This comparison is summarised in Table 5.2.

The LIR2450 + Nesscap were not considered for this experiment because their total energy
density of hybrid 2 combinations is 1470 J. To match that energy joules supercapacitor of 183
F is required. For an increase in supercapacitor Farad considerably the weight and ESR,

leakage current will in also increase.

To determine the period over which the WSN could be powered by each storage unit, a
discharge cut-off voltage of 2.5 V was assumed below which the WSN would not operate
reliably. This value was based on the fact that most of the commercially available WSNs

include a microcontroller, which typically has lower operating voltage limits of 2.2 V.
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Figure 5. 5 Comparison of discharge curve for storage units (MEC202 battery, Maxwell, Nesscap
Supercapacitor, MEC202+Nesscap — Hybrid) at -20° C in the pulsed-load setup the thick dashed line
indicates minimum operating voltage threshold.
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Figure 5. 6 Comparison of discharge curve for storage units at +20°C in the pulsed-load setup the
thick dashed line indicates minimum operating voltage threshold.
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Figure 5.5 & 5.6 shows the discharge properties of the different storage elements, at -20°C
and +20°C. At the higher temperature, the MEC202 can be seen to have the better
performance, with nearly 130 minutes operation time compared to 62 minutes for the
Maxwell and 46 minutes for the Nesscap. At the lower temperature, the MEC202 battery
clearly cannot function correctly, and does not achieve the charge voltage, limiting at just
over 3 V. For both temperatures, there is an abrupt collapse in the MEC202 voltage at
different points of the discharge curve (3.8 V at +20°C and 2.8 V at -20°C). The hybrid system

has over 120 minutes of operational time at +20°C and over 110 minutes at -20°C.
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Figure 5. 7 Comparison of discharge curve for storage units at -30° C in pulsed-load setup - thick
dashed line indicates minimum operating voltage threshold
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Figure 5. 8 Comparison of discharge curve for storage units at +30° C in pulsed-load setup - thick
dashed line indicates minimum operating voltage threshold

Figure 5.7 & 5.8 show the discharge properties of the different storage elements, at -30°C and
+30°C. At +30°C the MEC202 battery has 110 minutes of operation time compared to 70
minutes for the Maxwell and 40 minutes for the Nesscap. At 30°C the MEC-202 battery has a
voltage drop which is higher and collapses at 1.8 V. The hybrid system has over 150 minutes

of operation time at +30°C and over 120 minutes at -30°C.

Finally, Figure 5. 9 & 5.10 show the discharge properties of the different storage elements at
-40°C and +40°C. At +40°C, the MEC202 can be seen to have a better performance, with nearly
140 minutes of operation time compared to 65 minutes for the Maxwell and 35 minutes for

the Nesscap.
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Figure 5. 9 Comparison of discharge curve for storage units at -40°C in pulsed-load setup- thick
dashed line indicates minimum operating voltage threshold
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Figure 5. 10 Comparison of discharge curve for storage units at - +40°C in pulsed-load setup- thick
dashed line indicates minimum operating voltage threshold
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At -40°C, the MEC202 battery does not function at all, with the experiment being repeated to
confirm this result. The hybrid system operates for over 150 minutes at +40°C and over 120
minutes at -40°C.

At higher temperatures, the MEC202 can be seen to have the better performance, because
higher temperatures increase the mobility of the ions in the electrolyte, which results in a
lower internal resistance, which in turn increases the effective capacity of the battery. At
lower temperatures, the MEC202 battery clearly cannot function correctly and does not
achieve the charge voltage. For negative temperatures, there is an abrupt collapse in voltage
at different points of the discharge curve. This is because the increased internal resistance of
the battery leads to reduced capacity. At -40°C the battery does not function at all, and the
experiments were repeated to confirm this. It is concluded that the MEC202 cannot be used
as a stand-alone storage unit for this application. The Nesscap 2.4 F, 5 V supercapacitor has a
reduced rapid discharge due to its smaller overall capacitance, and it has been selected only
to be used as part of the hybrid storage unit. Both supercapacitors are clearly less affected by
the temperature range, discharging at more or less same rate for both conditions,
demonstrating that supercapacitors have better performance than batteries in negative
temperatures. Finally, at all the temperatures within the test range, adding a supercapacitor

in parallel to the battery significantly increases the runtime of the WSN.

For the hybrid units, the discharge performance is significantly better than for the Maxwell
PC10 supercapacitor and MEC202 battery acting alone. The hybrid system slowly discharges
to approximately 3.25 V as shown in Figure 5.16 and the discharge rate is steep (like a
supercapacitor) as the battery reaches its discharge threshold voltage. Large voltage drops on
the battery are eliminated using the supercapacitor in parallel to the battery, which in turn
produces a steady discharge from the storage unit. Finally, the runtime of the WSN is
increased by using the hybrid storage unit, over the typical aircraft temperature range. There
are two main reasons for this increase runtime of the WSN by a hybrid system, and they are

as follows.
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5.3 Application to a WSN - aircraft temperature sensor
To confirm the performance of the hybrid storage unit in real-time applications, a
performance comparison was conducted between the Maxwell supercapacitor and the hybrid

system by powering a temperature and humidity wireless sensor at room temperature.
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Figure 5. 11 Comparison of discharge curve of supercapacitor and hybrid storage at room
temperature (runtime extension of a WSN using hybrid storage unit, the energy stored in hybrid
storage is just 3) more than in supercapacitor)

The cut-off voltage for the controller for controlling the temperature and humidity WSN used
was 3 V with an 11-mA start-up current. The supercapacitor was able to provide power for 11
hrs. The MEC202 was not able to provide the start-up current, however, by adding a
supercapacitor in parallel, this problem was solved increasing the runtime of the WSN to 21
hrs. as shown in Figure 5.15 So in summary with more than approximately3 J, and yet only
half the weight of Maxwell PC10, the hybrid system gave over 10 hrs. of runtime extension.

From the result presented it can be seen that the significantly increases the runtime of a WSN.
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5.4 Critical Analysis on runtime extension of WSN

The supercapacitor acts as a filter and reduces the voltage drop across the battery, which in

turn increases the run-time of WSN. As shown in Figure 5.12, the MEC-202 battery has large

voltage drops of approximately 0.5V under pulsed-d load discharge. In hybrid mode, the

voltage drops are virtually removed, as shown in Figure 5.13 and this is the main reason for

runtime extension of WSN.
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Figure 5. 12 comparisons of voltage drop in battery and supercapacitor storage arrangements
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Figure 5. 13 comparisons of voltage drop in battery and hybrid storage arrangements

The cut-off voltages are higher on the batteries compared with the supercapacitor, so the
energy stored in the battery cannot be used completely. By adding the supercapacitor in
parallel, the cut-off voltage of the battery is increased. In battery alone mode, once the
discharge reaches 2.8 V, an immediate drop is shown in Figure 5.14. By discharging the battery
below its cut-off voltage, the cycle-life of the battery is reduced. But in hybrid mode, the
storage unit has a smooth and controllable discharge until 2.1 V as shown in Figure 5.15. This

also explains the reason for a runtime extension of a WSN in hybrid mode.
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Figure 5. 15 Extension of batteries cut-off voltage drops in hybrid arrangement
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5.5 Chapter Conclusion

It has been shown that the thin-film MEC202 battery is not suitable as a stand-alone storage
element for a WSN due to its relatively high internal resistance (approximately20 Q), lower
capacity 1.7 mAh and poor performance at lower temperatures (from -20°C to -30°C)
becoming unusable at -40°C. The LIR2450 battery with higher energy density has less cycle-
life; under the pulsed-load condition, the voltage drops increases the temperature decreases.
The Maxwell PC-10 2 in series with a total capacitance of 5.54 F supercapacitor was not
affected by temperature in the range of -40°C to +40°C. The Nesscap 2.4 F has very low ESR
of 0.042 Q, but lower capacity and it was characterised to be used in the hybrid storage unit.
A hybrid system-1 consisting of a MEC202 battery plus Nesscap supercapacitor was compared
with two Maxwell supercapacitors in series and was demonstrated to provide approximately
3 J more energy at almost half weight whilst significantly increasing the runtime of a typical
WSN based on temperature and humidity measurement. The hybrid system-2 consisting of
LIR 2450 plus Nesscap supercapacitor weighs 10 g can be able to store energy 1574 J. This
combination does not serve the purpose of weight reducing by hybrid energy storage. The
large voltage drops on the battery are eliminated using the supercapacitor parallel to the
battery, which in turn gives steady discharge characteristics and increases the cut-off voltage
of the MEC202. These are the reasons for the runtime extension for WSN using the hybrid
storage unit. The hybrid energy storage does not provide a complete solution for AASHM, and

the disadvantages of this system are discussed in next chapter.
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6. Efficient Switched-Energy Storage

6.1 Overview

A simple battery-supercapacitor hybrid is an intuitive way of reducing the effect of load
fluctuation on the supplied voltage level. The addition of a supercapacitor connected in
parallel can be considered as a low pass filter that prevents rapid or transient voltage changes,
as shown in Figure 6.1. The battery-supercapacitor hybrid is thus effective in mitigating the
rate capacity effect for intermittent (rather than continuous) high load current as shown in
Figure 6.2. The supercapacitor (Seah, Eu et al. 2009) helps with the short duration; high
amplitude loads current spikes, which subsequently results in the increase of WSN runtime

extension powered by simple battery-supercapacitor hybrid storage.
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Figure 6. 112 Simple hybrid Energy Storage in Parallel Connection

Although a larger capacitance results in better filtering effect, the parallel arrangement has
limited ability to reduce the rate capacity effect in the Li-ion battery as shown in chapter 4,
any significant increase in capacitance will add weight to the hybrid storage unit and also

brings in disadvantages such as high ESR and leakage current.
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Figure 6. 13 Discharge curve of battery and simple hybrid Storage Unit under Pulsed-load Condition

at different temperatures

A hybrid energy storage unit can provide both energy density and power density to a wireless
sensor node (WSN). However, the high leakage current of supercapacitors can be a significant
disadvantage in hybrid systems utilising a simple, parallel connection of storage components.
A second disadvantage relates to the life cycle of the storage units and the fact that batteries
can tolerate significantly fewer charge cycles than supercapacitors before degradation. In a
simple hybrid storage system, the battery reaching its life cycle limit can reduce the
effectiveness of the system, as it then has to be replaced. In (Kuperman and Aharon 2011) an
experimental approached was proposed to make the battery the primary energy storage
element, with the supercapacitor providing temporary energy storage. Batteries and
supercapacitors are separated using solid-state switches. The supercapacitor will power the
WSN and will be charged with the battery when the supercapacitor voltage drops below a

threshold voltage level.
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There is no controlled charging between the supercapacitor and battery as they are just
separated by the switches. Increase in energy consumption and cost by adding switches will
also be an added disadvantage to this system has to be considered. In (Ongaro, Saggini et al.
2012) explains an energy storage system with a combination of battery and supercapacitor,
with both battery and supercapacitor being charged separately with two separate DC-DC
converters connected with a common dc bus. This method could be suitable for photovoltaic
energy harvesting with a vast amount of solar energy available energy conversion using two

DC-DC converters are feasible.

There are several problems (Simjee and Chou 2008) that must be addressed in order to

develop an efficient energy storage system.

e The nominal voltage of the battery should be more or less equal to the supercapacitor

charging voltage.

e The charging current and the terminal voltage of the supercapacitor should be

carefully controlled to achieve efficient and suitable operation.

e The terminal voltage of the supercapacitor must thus be maintained within a proper

range in order to meet the load power demand.

6.2 Characterisation of switched-energy storage

To maintain the system in suitable operational condition, the optimal charging current and
initial terminal voltage of the supercapacitor must be obtained. Constant voltage charging is
used mainly for charging Li-ion batteries. Constant-voltage (often called constant-potential)
chargers maintain nearly the same voltage across the battery throughout the charging
process, regardless of the battery's state of charge. The (Gao, Dougal et al. 2005) DC-DC
boosters used in a power management board will normally provide battery from
overcharging. Given this over-charging protection behaviour, constant-voltage chargers are
frequently found in applications that normally allow extended charging periods to attain full

charge. Constant-voltage chargers should not be used where there is a need for frequent
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cycling and charging. Repeated discharges without returning the cell to its full charge will

eventually decrease the capacity and may damage Li-ion cell.

6.2.1 Leakage Current

In a simple parallel connection of batteries or of supercapacitors, the leakage current will be
proportional to the number of cells, whereas, in a series connection, the leakage current will
be same as the single cell (K6tz, Hahn et al. 2006). Also, in a simple parallel combination of
battery and supercapacitor, the overall leakage current will increase with temperature as
shown in Table 6.1. Figure 6.3 shows the comparison of leakage current of a simple hybrid

storage unit at different temperature levels.

Table 6.1 Leakage current of simple hybrid system at various temperatures

Temperature °C Average leakage current mA
+40°C 0.12
+30°C 0.098
+20°C 0.096
-20°C 0.094
-30°C 0.092
-40°C 0.089
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Figure 6. 3 Average leakage current of Li-ion battery, supercapacitor and simple hybrid storage unit

at various temperatures

6.2.2 Cycle-Life

Whereas supercapacitors can be charged and discharged virtually an unlimited number of

times, batteries have defined and limited cycle-life. Because of this, ageing does not affect

the supercapacitor, as it does a battery.

Table 6.2 Average cycle-life of different energy storage

Energy Storage Average Cycle-life
Li-ion thin 10000
Nickel-metal hydrate 1000
Li-Magnese Dioxide 1500
Li-Polymer 1000
Li-ion Solid State 5000
Nickel-Cadmium 1000

Supercapacitor > 500000
Hybrid Energy Storage Depends on batteries cycle-life

Under normal operating conditions for low-power applications, a supercapacitor degrades

from the original 100 percent capacity to 80 percent in 10 years. The supercapacitor functions
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well at -40°C and +85°C, (K6tz, Hahn et al. 2006) but continuous exposure at lower or high-
temperature will affect the efficiency of the supercapacitor as ESR and leakage current are
temperature dependent. The cycle-life is one of the major limitation for batteries in WSN
application (Du Pasquier, Plitz et al. 2004). The cycle-life of the battery can be prolonged by
maintaining batteries discharge cut-off voltage while discharging. The shorter the duration of

discharge (DoD), the longer the battery will last.

6.3 Constant current charging (CCC)

When rapid charge time is critical, constant current charging provides the fastest charge
method. Constant power charging can transfer all the available power from the charge source
into the energy storage capacitors. The LTC4425 was used as constant current charging
regulator between the battery and supercapacitor and produced the results shown in Figure
6.4. A pulsed-load representing the node-idle and transmission states of the strain WSN, as
explained in chapter 2.5, was used as the WSN representative load, using channel 1 of the
Keysight N6705B DC power analyser. LabVIEW code was written to record the two analogue
inputs (ai0 and ail) of a Nidaq 6211 data acquisition unit. A while loop was used to monitor
and detect when the supercapacitor voltage reached 0.8 V when a FALSE condition is set, and
a logic high is generated at port-1 of Nidaq 6211 and delivered to the ‘enable charging’ pin of
the LTC4425. This simple code was later developed into the switching algorithm to
demonstrate the advantages of switched energy storage. The code generates an array with
two columns of voltage measurement from analogue inputs ai0 and ail and writes these top
an Excel format file. The data was logged at a rate of 1 sample-per-second. One of the
important criteria for an ASHM system is that all associated electronics should operate in the
range of -40°C to +40°C. The charging of a 0.6 F supercapacitor from an LIR 2450 battery using
LTC 4425 was monitored over the temperature range of -40°C to +40°C, in a climatic chamber.
The LIR 2450 battery was charged up to 4 V using channel 2 of N6705B when the

supercapacitor was discharged under pulsed load conditions.
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Figure 6. 5 Constant current charging of supercapacitor from thin-film Li-ion battery using the

LTC4425, at room temperature

A supercapacitor is charged using a Li-ion battery with a charging control circuit is shown in
Figure 6.5. By using a CCC stage between the battery and supercapacitor, the large voltage
drops across the battery that are usually experienced in a parallel hybrid system are
significantly reduced. The thin-film battery was discharged near its cut-off voltage, to
understand the expected voltage drop across the battery, during charging in the worst-case
scenario. Unfortunately, the thin-film battery was discontinued, so the experiments over other

temperature ranges were conducted using the LIR 2450 standard Li-ion battery.
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Figure 6. 6 Charging of supercapacitor from LIR 2450 standard Li-ion battery with LTC4425 over a

temperature range of -40°C to +40°C in a climatic chamber

As shown in Figure 6.7, once the charging was initiated, the voltage of the LIR 2450 battery
dropped to 3.92 V from 4 V and recovered to a constant 3.98 V at all the temperatures

monitored.
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Figure 6. 7 Charging of supercapacitor from LIR 2450 standard Li-ion battery with LTC4425 (this is the

same plot as Figure 6.6 but for a compressed time frame)

As shown in Figure 6.7 the supercapacitor charging rate was considerably from 3.9483 at
+40°C to 3.94604 at -40°C reduced as the temperature decreases. The decrease in charging
rate supercapacitor from batteries at lower temperatures is observed as the internal

resistance of battery increases in negative temperature and movements of ions become

restricted.
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6.4 Step-up Converter

A step-up converter LTC3539 is used at the output of supercapacitor to establish a constant
output voltage, as shown in Figure 6.8. A typical operating voltage of any microcontroller may
range from 3.5V to 5V and requires an uninterrupted power supply. For these reasons, this

step-up converter is used.

+ CCC —#—| Step-up T

Figure 6. 8 Hybrid Energy Storage with constant current charging and output step-up converter.

The LTC3539 is a commercially available step-up converter that can provide a constant 5V
output with an efficiency level of up to 94%. The LTC3539 was tested with 1.5 F Nesscap
supercapacitor, and it performed well over a temperature range of 40°C to +40°C. Using a
step-up converter will allow the supercapacitor to discharge to a voltage level of 0.8 V, the
minimum input voltage for LTC3539. This means most of the energy stored in the

supercapacitor can be used before it needs to be recharged.
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6.5 Switched-Energy Storage Controller Architecture

After understanding both the advantages and disadvantages of a hybrid storage approach, an
efficient energy storage unit is designed that combines constant current charging (LTC4425)
and a step-up converter (LTC3539), as shown in Figure 6.10. In this arrangement, the two
main disadvantages of hybrid storage, specifically common leakage current and limited
battery cycle-life are minimised by treating the battery and supercapacitor as separate
storage elements, while retaining the overall advantages of the hybrid storage approach The
values of resistor, capacitor and inductor used in the LTC4425 and LTC3539 arrangement are

calculated based on the data sheets from the manufacturer .
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Figure 6. 9 Overview of Switched-energy Storage Unit

The role of the storage controller is extended to monitor the charge and discharge behaviour
of battery and supercapacitor storage elements, and to switch appropriately and optimally
between the two, improving performance and extending battery life. The enable pin in

LTC4425 will be used as a switch for charging control instead of a separate switch.
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An experimental Characterisation system has been developed that uses National Instruments
data acquisition hardware programmed using LabVIEW as shown in Figure 6.10, to emulate
the function of the proposed storage controller. Two analogue input channels ai0, ail of a
Nidag 6211 data acquisition unit are used to monitor the discharge voltages from a battery
and a supercapacitor. And inside a while loop, once the supercapacitor voltage reaches 0.8 V,
which is set as a FALSE condition, the code sends out a digital signal 1 from port 1 of Nidaq
6211 to enable the charging pin LTC4425. When the supercapacitor voltage reaches 4 V, which
is set to a TRUE condition the code stops, the code sends out a digital signal 0 to turn off the

enable pin in LTC4425.
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Figure 6.11 shows a flowchart depicting the algorithm used for switched-energy storage: i.e.,
as the voltage of the supercapacitor drops below 0.8 V, the LTC4425 charging IC is enabled
and allows the supercapacitor to charge the battery. Once the supercapacitor voltage reaches
4V, the LTC4425 is disabled and charging ceases. Importantly, the LTC4425 is also used as a
switch to control storage unit selection, avoiding further energy loss through additional

external switches. The charging current can be programmed and monitored.

In summary, this improved and easily optimised switchable energy storage architecture can
be used to control the frequency of battery charge and to prolong the lifetime of the hybrid

energy storage element, without sacrificing overall performance.

START

READ V1 and
V2
YES NO
IF 3.9>V2<0.8
STOP ENABLE
CHARGING CHARGING

Figure 6. 11 Flowchart control flow for the storage controller.
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6.7 Power management circuit with Switched-energy Storage

As mentioned in chapters 3 and 4, power management and energy storage are the two main
building blocks for an efficient automated wireless sensing system. By combining experimental
observations from studies conducted from chapters 3 to 6, an efficient power management
approach with switched-energy storage, that combines the key advantages of batteries and

supercapacitors into a single solution was designed and is outlined in this section.

The overall schematic of the proposed power management system is shown in Figure 6.12,
and has two energy inputs; one for thermoelectric and the other for vibrational energy
harvesting. An LTC3109, dual-polarity DC/DC converter is used to convert thermoelectric
harvested energy and an LTC3538, full-wave bridge rectifier with a buck converter is used to
convert the vibrational harvested energy. The circuit diagram is divided into a number of

different sections (see figures 6.14 to 6.17) for a detailed explanation.

The PWM system comprises two MOSFET solid state relays and can be controlled using a
microcontroller or LabVIEW. Relay S1 is single-pole double-throw, and relay S2 is single-pole
single-throw. S1 is connected between the two batteries and the supercapacitor charger LTC
4425, S1 double- throw section of the switch will be connected to battery B1 and B2
respectively. The switch S 1 will have an active connection with battery B1 always , so the
Enable pin on LTC 4425 will be kept ‘low’ always to avoid charging of supercapacitor through
battery b1. S2 is connected between supercapacitor and LTC3539 step-up converter as shown
in Figure 6.13. The components used in the power management with switched-energy storage

circuit are shown in Table 6.3.

In terms of operation, the circuit has two energy inputs, one for the LTC3109 and the other for
the LTC3588 DC-DC converters, that convert the raw energy collected from thermoelectric and
vibrational energy harvesters, respectively. The converted energy is stored in batteries B1 and
B2 respectively. As explained in section 6.5 detailing the switched-energy storage system, the
supercapacitor will power the WSN, and the battery will be used as a primary reservoir energy
storage element. The switch S2 connects the two series 1.2 F, 5V Cap-xx supercapacitors to the

LTC 3539 step-up converter.
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Table 6.3 Components used in the power management board with switched-energy storage

Name Manufacturer Description

LTC 3109 Linear Technologies DC-DC converter for
thermoelectric energy
harvesting

LTC 3588 Linear Technologies AC-DC converter for vibrational
energy harvesting

LTC 4425 Linear Technologies Constant current
supercapacitor charger

LTC 3539 Linear Technologies Output step-up converter

Two LIR2 450-standard Li-ion Multicomp Primary energy storage

batteries, one for each

harvester

Two 1.2 F supercapacitor Cap-xx Secondary energy storage

connected in series

LCA 110 Clare Technologies S2- switch- Single pole single
throw
LCC 2101 Clare Technologies S1 switch- single pole double

throw
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Figure 6. 13 Block diagram of proposed power management system with switched-energy
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Figure 6. 15 Proposed power management system with switched-energy storage — Focussing on the

LTC 3588 AC-DC converter section for vibrational harvested energy
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Figure 6. 17 Proposed power management system with switched-energy storage - Focussing on the

LTC 3539 step-up converter

Based on the proposed circuit schematic, a PCB prototype was designed using Eagle PCB

design software, and single-sided PCB was manufactured as shown in Figure 6.18 to 6.20.
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Figure 6. 18 Proposed power management system with switched-energy storage (top view of

assembled PCB)
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Figure 6. 20 Power management system with switched-energy storage (PCB-Layer 2)
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6.7.1 Working Principle of circuit

The PWM system has two energy inputs, one for the LTC3109 and the other for the LTC3588
DC-DC converters, that convert the raw energy collected from thermoelectric and vibrational
energy harvesters, respectively. The converted energy is stored in batteries B1 and B2
respectively. As explained in section 6.5 detailing the switched-energy storage system, the
supercapacitor will power the WSN, and the battery will be used as a primary reservoir energy
storage element. The switch S2 connects the two series 1.2 F, 5V Cap-xx supercapacitors to the

LTC 3539 step-up converter.

As shown in Figure 6.21, the TEG output voltage profile, as identified in chapter two, is
emulated using the Keysight N6705-B programmable voltage source in series with a 1.3 Q
series resistance and used as the input to LTC 3109. For the single polarity input, channel 1 of
the N6705-B is connected to the Vinainput pin of LTC 3109. For dual polarity inputs, Vinaand
Ving Pins of LTC 3109 are connected to TEG.

The vibrational energy harvesting was included for future study.The Labview code as shown
in Figure 6.22 was used for control. Switches S1 and S2, and the enable pin of LTC 4425 were
connected to the digital outputs DO-0, DO-1 and DO-2 of Nidag6211 data acquisition unit
respectively. To monitor charging and discharging, the battery B1 and the supercapacitor
charging voltages were connected to analogue ai0 and ail inputs of the Nidag6211 data
acquisition unit respectively. The voltage of battery and supercapacitor were logged at a rate
of 1 sample per second. The pulsed-load, representing the node-idle and transmission
function of strain WSN was generated from channel 2 of N6705B and connected to LTC 3539
as a load. Within Labview, the measured data was then converted to an array and written to

an Excel compatible file format.

The switched- algorithm individually monitors the charging and discharging voltages of
battery and supercapacitor. In order to initiate the post-landing monitoring, the algorithm
checks the voltage level of the supercapacitor to be 4 V and set the switch S2 to ‘high’ activate
the connection between supercapacitor and LTC 3539. If the supercapacitor does not have a
voltage level of 4 V, the algorithm checks for the battery with 4 V and initiate the charging

with respective battery by setting up the switch S1 and enable pin of LTC 4425 as ‘high’. If
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both batteries have 4 V, the B1 was set to prefered choice. If both batteries do not have 4V,

an alert message will be transmitted to the data collector node.

After the post land monitoring for 60 minutes, the algorithm will set the switch S2 as ‘low’
and checks for the battery with 4 V and initiate charging with the respective battery. If the
supercapacitor reaches 0.8 V during the post land monitoring, the algorithm initiates charging
automatically with battery with 4 V. The servicing time of 30 minutes will be used to charge
the supercapacitor from the batteries. After 30 minutes the algorithm will set the enable pin

of LTC 4425 as ‘low’ to deactivate charging.

For pre-take, off monitoring the algorithm will set the switch S2 as ‘high’ and the
supercapacitor will power the WSN through the LTC 3539. After 60 minutes of pre-takeoff
monitoring, the switch S2 will be set as ‘low’ and using the 30 minutes of taxing time the
supercapacitor will be charged with the battery with 4 V. The algorithm sets the enable pin of
LTC 4425 and S 1 as ‘high’. To initiate charging between the battery B2 and supercapacitor,
the algorithm will set LTC 4425 enable pin as ‘high” and switch S1 as ‘low’. After 30 minutes
the algorithm will set enable pin of LTC 4425 as ‘low’ to disconnect the connection between

the battery and supercapacitor through LTC 4425.
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6.7.2 Result Analysis

The aim of the experiment was to show by adopting switched-energy storage, the required
efficient energy storage with longer cycle-life, less leakage current , operational temperature
of -40°C to +40°C can be achieved. In switched-energy storage proposed in this thesis, all
the harvested energy will be stored in the battery; the battery has low leakage current
compared with a supercapacitor and no energy loss due to leakage current. The supercapacitor
will power the WSN, the longer cycle-life of supercapacitor will be exploited. The
supercapacitor is charged with the battery using LTC 4425; this approach preserves the cycle-
life of the battery. As the battery is discharged under constant current method to charge the
supercapacitor. The battery will only charge the supercapacitor, and it will not directly power
the WSN, prevents the voltage drops for pulsed-load and preserves the cycle-life of the battery
.The supercapacitor with its high power density property will be able to meet the peak current
demand during the transmission state of WSN, and the supercapacitor also does not suffer

from high voltage drops like the battery in low temperatures.

The experiment was carried out at room temperature, with a single LIR 2450 standard Li-lon
battery and two series 1.2 F Cap-xx supercapacitors used as storage units. On the basis of
assumed scenario in chapter 2.5, the area around the cargo door to be monitored for 60
minutes after landing and 60 minutes before take off. The pulsed-load representing the node-
idle and transmission state was used as the load condition. The total energy consumption of
pulsed-load for 60 minutes will be 2.815 J . Both LIR 2450 and 0.60 F supercapacitor were
initially charged up to 4 V by the constant voltage charging method. According to the assumed
scenario, the area around the cargo door was monitored for a total of 120 mins, where the
supercapacitor powers the assumed strain WSN through LTC 3539 step-up converter. The LTC
3539 gives a constant output voltage of 3.3 V, where the operating voltage of the assumed

strain WSN is 3.3 V. The total amount of energy stored in the supercapacitoris 4.8J, 0.6 F 4V.

In order to enable the supercapacitor to power the WSN through the LTC 3539, the switched-
algorithm then turns-on the switch S2, to activate the connection between the supercapacitor
and the LTC3539 step-up converter. AS shown in the Figure 6.22, the supercapacitor
discharges to 0.825 V in approximately 60 minutes, and the total energy consumption of the
pulsed-load plus the energy used by LTC 3539 was measured to be almost equal to 4.8 J. The

switched-energy storage allows to selecte the supercapacitor based on the energy required
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for the WSN, the smaller capacitance superapacitor will have the advantage of less leakage
current and low ESR and thisis one of the main advantages of the switched-energy storage
unit;In order to recharge the superapacitor from the battery once the post- land monitoring
is completed the switched- algorithm turns off switch S2 to deactivate the connection,
between supercapacitor and LTC 3539. In worst case scenario, if the supercapacitor reaches
0.8 V before the completion of the monitor, the switched- algorithm initiates charging
between the supercapacitor and battery. This is another advantage of switched-energy
storage, as the charging and discharging profile of battery and supercapacitor will be in

individually monitored.
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Figure 6.22 Charging and discharging of switched-energy storage with proposed power

management for the assumed scenario at room temperature

The scenario includes a servicing time of 30 minutes where the aircraft remains stationary, and
during this time, the supercapacitor is charged using the battery. The switched- algorithm
initiates the charge by setting up an enable pin in LTC 4425 as ‘high’. The supercapacitor is

charged back to 3.956 V from the battery over 30 minutes, and the total amount of energy
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stored in the supercapacitor will be 4.71 J. The switched- algorithm will disable the charging

after 30 minutes by setting up the enable pin of LTC 4425 as ‘low’.

In the scenario assumed, the area around the cargo door would also be monitored for 60
minutes before the takeoff. The switched- algorithm will set as switch S2 as ‘high’ for 60
minutes, allowing the supercapacitor to power the WSN through the LTC3539 and this time
the supercapacitor discharges to 0.812 V. The other advantage in the switched-energy storage
system is, by using LTC 3539 all the energy stored in the supercapacitor will be used. After the

60 minutes of monitoring the algorithm will set switch S2 as ‘low’.

During the taxing time of 30 minutes before the actual take off, the algorithm will set the
enable pin of LTC 4425 ‘high’ to initiate the charging process. The supercapacitor was
recharged from the battery again up to 3.948 V and the total energy stored will be 4.67 J. By
this approach the supercapacitor will be recharged and ready for the monitoring during the
next flight cycle.The total amount of energy recharged for the supercapacitor from the battery
for 60 minutes including the servicing and taxing time will be around 9.38 J. The switched-

algorithm will set the enable pin of LTC 4225 as ‘low’ to deactivate the charging.

For the second flight cycle, the battery will be recharged for 80 minutes using the
thermoelectric energy harvesting profile created in chapter 2.5. The LIR 2450 battery was
charged up to 3.9965 V from 3.945 V, which is 0.052 V. So the total energy for 0.052V of 120
mAh battery will be 22.46 J.

The total required energy for 180 minutes of the assumed scenario including 120 of minutes
monitoring and 60 minutes of supercapacitor charging will be around 16 J. The total harvested
energy stored in the battery during the flight cycle is 22.46 J. This highlights the main advantage
of the switched-energy storage unit, all the harvested energy will be stored in the battery and

charges the supercapacitor by battery only when needed.
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6.8 Chapter Conclusion

In previous chapters, the advantages of the hybrid system were identified. However,
disadvantages such as supercapacitor leakage current, the lower cycle-life of the battery, and
the fact that all the energy stored in the hybrid system cannot be accessed due to the battery

operational cut-off voltages were also identified.

The switched-storage system proposed in this thesis significantly reduces these disadvantages
Based on the experimental analysis of the previous chapter a power management circuit is
proposed with switched-energy storage. The LIR 2450 standard Li-ion battery and two 1.2 F
supercapacitor were used as storage units. LTC 3109, the dual polarity input DC-DC converter
was used to convert the raw energy from the thermoelectric energy harvesting. LTC 4425 was
used a supercapacitor charging from the battery LIR 2450. LTC 3539 was used an output step-

up converter, for a constant voltage output.

The total energy required for the assumed scenario of area around cargo door monitoring will
be around 16 J. The total energy stored in the LIR 2450 for 80 minutes of thermoelectric
energy harvesting around the cargo door will be 22.46 J. All the harvested energy will be
stored in the battery LIR 2450 and the supercapacitor will be charged only when needed. By
using such system, the very high cycle-life of the supercapacitor is exploited, and it is utilised
as the prime, dynamic energy source powering the WSN. The battery is used as a primary
reservoir energy source and will charge the supercapacitor only when needed. Over both
discharging periods, the battery voltage does not reach its cut-off voltage, which is another
important factor in the runtime extension of the battery. As there is no active connection
always between the battery and supercapacitor, the leakage current will no longer be a
common factor. All the harvested energy will be stored in the battery, the battery has low
leakage current compared with supercapacitors, so the energy loss in the form of leakage

current will be considerably reduced.

Unfortunately, the MEC 202 thin-film solid-state battery was discontinued, and so, LIR 2450
standard Li-ion battery was used as a replacement. The total weight of the energy storage
system including LIR 2450 and two 1.2 Cap-xx supercapacitors will be around 6.1 g, and by

replacing the LIR 2450 battery with thin-film solid-state battery, the total weight of the energy
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storage will be around 1.5 g. The same amount of 22 J of harvested energy can be stored in

MEC 202 thin-film solid-state battery.

LIR 2450 with a higher power rating of 120mAh weighs 5.5 g, whereas the thin-film with a
rating of 2.2mAh weighs only 0.975g. The total possible energy stored from the current state
of art thermoelectric energy harvesting system (von Allmen, Bailleul et al. 2017) is 79 J. In the
switched-energy storage system with two thin-film batteries as a primary storage unit and
supercapacitor as secondary storage unit with weight of approximately 4 g, the 79 J of energy

can be stored.
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7. Overarching Discussion, Conclusions and Further Work

7.1 Overarching Discussion and Conclusions
In this thesis, efficient energy storage has been identified as an essential part of the ASHM
system powered by energy harvesting, as harvested energy is not available for the entire flight

cycle.

An application scenario of monitoring aircraft structure around cargo door using a strain WSN
powered by locally harvested thermoelectric energy harvesting has been assumed for use
throughout the thesis. The temperature around the aircraft section near the cargo door
ranges from -20°C to +20°C, but the temperature in other sections of aircraft can range from
-40°C to +40°C. The storage units to be considered for this application assume the most
extreme case, so must work in the temperature range of -40°C to +40°C, have a longer cycle-
life and less leakage current. The other important factor is weight, and one of the main criteria
for AASHM is to perform SHM analysis in aircraft without adding significantly to the overall
weight of the aircraft. Thin-film Li-ion batteries (MEC202 4 V 2.2mAh), standard Li-ion coin
cell batteries (4.2 V 120mAh), and various sizes of supercapacitor are the storage options

investigated in this thesis.

Unfortunately, the thin-film Li-ion battery was discontinued during the research phase, and
the LIR 2450 standard Li-ion battery was used as a replacement to demonstrate the working
principles of switched-energy storage systems. The cycle-life of the standard Li-ion battery
used is 1000 cycles, as per the data sheet. However, this cycle-life was estimated based on a
constant current discharge method. The WSN is a load that demands peak current in short-
burst duration such as wake-up and transmission modes, and a pulsed-load discharge
scenario will considerably reduce the batteries cycle-life. The operating temperature of the
standard Li-ion battery is -20°C to +45°C. Although it works in the temperature between -40°C
to +40°C continuous exposure to this temperature range will also reduce the cycle-life.
Dendrites may also occur when the Li-ion battery is discharged at the faster cycle rate. The

thin-film Li-ion battery uses a solid electrolyte — a material referred to as LiPON and this
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material has the benefit of allowing the ready flow of lithium ions for high currents that

prevent the occurrence of dendrites.

A TEG power output profile was generated using a previous study of thermoelectric energy
harvesting near the aircraft cargo door location. This generated profile was used to charge
the storage elements in the temperature range between -40°C to +40°C for 80 minutes in a
climatic chamber. An LTC 3109 was used as a DC-DC converter for charging of the batteries
and supercapacitors. In this device, there is no inbuilt programmable maximum power point
tracking (MPPT), but it was chosen for its low power start-up and dual polarity input suitable
for thermoelectric harvesting, however, in this thesis only a single polarity TEG output profile
was used. The LTC3109 performed well over the -40°C to +40°C temperature range. The open
circuit output voltages for Vout and Vstore pins were measured while being excited by the
generated TEG output profile, where it was seen that supercapacitor charging was not
affected by the temperature range of -40°C to +40°C. LIR 2450 was also tested over this
temperature range, even though the minimum operating temperature range was specified as
-20°C, and the LIR 2450 charging rate was seen to considerably reduced as the temperature
started decreasing below -20°C. Charging was carried out based on a constant voltage
method, and the charging time was established as the same for the -20°C and +20°C scenario.
However, as the temperature increases, the ions in the solid state thin-film Li-ion battery
could move freely and thus the charging time was decreased. In lower temperature, the ions
were not able to move freely, and the charging time considerably increased. In -40°C charging

was not initiated at all.

The thin-film Li-ion battery was not charged using this temperature profile as it was

discontinued at the time.

In the scenario considered, the area around the cargo door was monitored using a strain WSN
with an operating voltage of 3.3 V. A pulsed-load was generated for establishing a node-idle
state with duration (to) of 4.95 s and a current demand of 0.07 mA, followed by a transmission
state with duration (t1) of 50 ms and a current demand of 14.95 mA, with the total waveform
time (t) of 5 s. This load was programmed in an N6705B DC power analyser and acted as a
pulsed-load to discharge the storage elements. The discharge monitoring experiment was

carried in the same temperature range of -40°C to +40°C. The charging experiment was
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carried on every time immediately after the discharge experiment, to ensure the storage

elements were charged and discharged at the same temperature level.

The supercapacitor discharge behaviour was not affected by the temperature. With the thin-
film battery, as the temperature increased the performance was enhanced with the mobility
of ions, but at lower temperatures, the performance was significantly degraded, and at -40°C
the thin-film battery did not function at all. According to the datasheet, the thin-film battery
should work well within the temperature range -40°C to +40°C, as the datasheet testing was
measured using a constant current discharge method. However, a WSN typically demands a
high current for short periods, and the thin-film battery was not able to provide that, which
in turn causes problematic voltage drops during times of peak current demand. Moreover,
the observed voltage drops increased as the temperature decreased, proving the improper
functioning of the thin-film at lower temperatures. In the same way as the thin-film battery,
the standard Li-ion battery performed better at higher temperatures, and similarly, as the
temperature decreases the voltage drops increases. Moreover, these voltage drops can
considerably reduce the cycle-life of the battery as well as reducing the runtime of WSN. The
supercapacitor charge and discharge behaviour were not affected by the temperature, and
with its higher power density, the supercapacitor was able to meet the high current demands
of the WSN. However, to store 41.32 J of energy required, a 5F supercapacitor weighing 12.6
g would be required to store the same amount of energy as a 0.975 g thin-film Li-ion battery,

and increasing capacitance in this way will increases ESR and leakage current.

In energy harvesting application where harvesting is not possible during the entire flight cycle,
losing stored energy in the form of leakage current will be considered a significant
disadvantage. From the experimental analysis up to this point, it is concluded that thin-film
Li-ion batteries, standard Li-ion batteries and supercapacitors in standalone mode cannot

provide an ideal solution.

An energy storage system should be able to provide energy for both long-term operations as
well as being able to meet the peak power demand during the transmission state of the WSN.
Adding a supercapacitor parallel to a battery to form a hybrid energy storage element can
provide a possible solution. A simple parallel combination of a thin-film, Li-ion battery and 1.5

F supercapacitor can store up to 44.48 J of energy with a total weight of 5.975 g. This hybrid

Development of Efficient Energy Storage and Power Management for Autonomous Aircraft
Structural Health Monitoring systems
Page | 150



Chapter 7- OVERARCHING DISCUSSION, CONCLUSIONS AND FURTHER WORK

combination can provide significant runtime extension for a WSN, in comparison here to a

single 5 F, supercapacitor weighing 12.6 g and offering just 3 J of more energy.

An Airbus designed temperature, and humidity WSN was used for this comparison of a hybrid
energy storage element with a supercapacitor. In this comparison, the hybrid energy storage
element provided 10 hrs extended runtime for the WSN compared to a supercapacitor, under
representative pulsed load conditions. The observed voltage drops in the thin-film Li-ion
battery were reduced by adding the supercapacitor in parallel to the battery, and this
increases the runtime of the WSN. However, there are several disadvantages identified in this
hybrid system with the reduced cycle-life of the thin-film Li-ion battery and the high leakage

current of supercapacitor will become factors.

In a simple hybrid approach, all the energy stored in the supercapacitor was not used, due to
the low cut off voltage of the thin-film battery. Since the MEC202 thin-film battery was
discontinued, it was not possible, unfortunately, to test the hybrid energy storage with a step-

up converter for the runtime extension of WSN.

The LTC 3539 is the output step-up converter used in this thesis and can be programmed to
give a constant voltage output of 1.2V, 3.3 Vand 5 V. To mitigate the disadvantages identified
in simple hybrid energy storage, an efficient switched-energy storage approach is proposed
in this thesis. By adopting a switched-energy storage system with a thin-film Li-ion battery as
the primary energy storage element, and a supercapacitor as the secondary energy storage
element, 40 J of energy can be stored in the thin-film Li-ion battery and 9 J of energy stored
in the 1.2 F supercapacitor. This storage system was tested under the usual scenario of
monitoring the aircraft structure around the cargo door for 77 minutes post-landing and 77
minutes pre-takeoff periods. The total energy consumption of the strain WSN in node-idle and
transmission mode is around 3.6 J. The supercapacitor will power the strain WSN after aircraft
landing for 77 minutes, and during a servicing time of 30 minutes, the thin-film Li-ion battery
will charge the supercapacitor. After this time, the supercapacitor will be ready to power the
WSN for 77 minutes for pre-takeoff monitoring. The advantage of the switched-energy
storage system supercapacitor’s very high cycle-life is exploited, and cycle-life of the thin-film

Li-ion battery is preserved.
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A power management test-board incorporating a switched-energy storage system was also
proposed in this thesis. The LTC 3109, dual polarity DC-DC converter is used to convert the raw
harvested energy with storage provided by the LIR 2450 standard Li-ion battery. During the
ASHM process, the supercapacitor will power the WSN through an LTC 3539 step-up converter.
The output voltage of the LTC 3539 can be set to either 3.3 V or 5V, depending upon the
operating voltage of the WSN. During the 30 minutes of servicing time, the supercapacitor will
be charged from the battery, and the supercapacitor can power the pre-takeoff ASHM process.
The supercapacitor will be charged again during the 30 minutes taxing time before take-off, so
the supercapacitor will be ready to power the WSN after the second flight cycle. Moreover,
the switched-controller is also programmed to automatically enable charging once the
supercapacitor reaches 0.8 V. The total required energy for 180 minutes of the assumed
scenario including 120 minutes of monitoring and 60 minutes of supercapacitor charging will
be around 16 J. The total harvested energy stored in the standard Li-ion battery during the
flight cycle is 22.46 J. This highlights the main advantage of the switched-energy storage unit;
all the harvested energy will be stored in the battery, and the supercapacitor is charged only
when needed. Energy loss in form the leakage current will be also be reduced, as the all the
harvested energy will be stored in the battery. The total weight of the energy storage system,
including the LIR 2450 battery and two 1.2 Cap-xx supercapacitors is approximately 6.1 g, and
by replacing the LIR 2450 battery with thin-film solid-state battery, the total weight of the
energy storage will be around 1.5 g. The same amount of 22 J of harvested energy can be

stored in MEC 202 thin-film solid-state battery.

The thesis does not present the hybrid energy storage unit as an ideal solution, but it does
have significant advantages; in the switched-energy storage unit, the battery will charge the
supercapacitor with a constant current charging method, and the battery will not power the
WSN directly. Because of this, the battery will not suffer from problematic voltage drops
associated with peak current demand, and thus the cycle-life of the battery will be preserved.
Therefore, the thin-film battery, if available, with its 10000 cycle-life is a better choice than the
LIR 2450 with 1000 cycle-life, even though the energy density is higher for LIR 2450 with its

power rating of 120 mAh.

By adopting the proposed switched-energy storage system, a 500000-cycle-life of

supercapacitor was exploited, with 0.006 mA maximum leakage current of the thin-film solid-
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state battery offering virtual no energy loss in terms of leakage current. The supercapacitor
was charged using constant charging method from the battery, so the 10000 cycle-life of thin-
film Li-ion battery was preserved. The supercapacitor can be selected based on energy
consumption, so a low capacitance value with low ESR can be selected, and an operational
temperature range of -40°C to +40°C can be achieved. In addition to this, the existing energy
storage in Airbus ASHM system uses two PC 10 Maxwell supercapacitor in series. The total
amount of energy can be stored is 41.32 J, and the weight is 12.6 g. By adopting the switched-
energy storage to store 44.48 J of energy, the total weight required for switched-energy
storage system can be reduced to 7.1 g, that is 56 % of weight per sensor node will be saved
compared to the existing energy storage system of Airbus - an important factor in the design

of an aircraft SHM system due to its effects on fuel consumption and emissions.

The main conclusions are identified below:

® Energy harvesting is seen as a viable option for powering AASHM sensors. However,
further, development is required to match the power consumption levels of an

AASHM system with available energy sources.

® Commercially available dc-dc converters cannot provide efficient conversion of this
harvested energy as these converters do not meet the general requirements of
AASHM, such as dual polarity input conversion low start-up voltage and MPPT.

Custom designed dc-dc converters are needed.

® The need for MPPT is left as a design consideration for the design engineer as the
power consumed in performing MPPT has to be considered before applying to
applications with limited harvestable energy. A detailed study is required to look into
the viability of the implementation of MPPT algorithms in AASHM power

management systems.

® Efficient energy storage is a crucial part of any AASHM system, as energy harvesting

is not possible throughout the entire flight cycle.

® Current technology batteries and supercapacitor are not suitable for use as stand-
alone storage units for WSN. A typical WSN requires an energy source with high

energy and power density.
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® Extension of the runtime of a WSN is possible with a hybrid energy storage unit, but
hybrid energy storage cannot be used in the form of the simple parallel combination

as they do not have same cycle-life or leakage current properties.

® Energy storage with switched-architecture will enable the advantages of hybrid

energy storage to be exploited whilst overcoming some of its disadvantages.

® Compared with an existing storage unit of Airbus ASHM approximately 53 % of weight

per sensor can be saved by adopting to the switched-energy storage unit.

7.2 Recommendation for Future work

This thesis has discussed an efficient way of storing energy harvested using a TEG in
an aircraft structure, and using that stored energy to power aircraft SHM wireless sensors.
Further work is required in order for these systems to be incorporated into an aircraft, and

these include:

® The foremost challenge is to develop and demonstrate wireless SHM technologies
with embedded sensors that can be used to monitor structural integrity in service

conditions with high reliability & durability.

® The power consumption of the wireless systems for SHM application needs to be
further reduced with advancement in the microelectronic study to enable it to be

matched to the levels of power which can be harvested in an aircraft environment.

® The robustness and reliability of installed sensors need to be ensured. There might be
a need to monitor the sensors to detect the failure. In addition to this, sensor
networks need to be fail-safe. In the case of a sensor failure, damage identification
algorithms must be able to adapt to the new network. In short, the sensor network

needs to be redundant.

® The efficiency of thermoelectric energy harvesters including materials used and their
implementation to exploit both static and dynamic thermal gradients needs to be

improved.
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® The commercially available dc-dc converter has individual inbuilt advantages, but for
aircraft specific thermoelectric energy harvesting, a dc-dc converter should have a
quick start-up time, low start-up voltage and simple MPPT algorithm. Achieving such

efficient dc-dc conversion is crucial for power management.

® The design of proposed PWM circuit and experiment on efficiency on energy

conversion should be conducted.

® |mprovement of power density in batteries or energy density in supercapacitors can

lead to a stand-alone storage unit option for AASHM.

® Thin-film solid-state batteries, from Cymbet, ST Microelectronics, Excelleron and

Brightvolt should be tested for this application.

® Advanced microcontrollers or field programmable gate array FPGA with low power
consumption and efficient control over the energy harvesting and wireless sensor

system are needed.

® Sensors and their local processors should be more integrated with microelectronics
allowing a more decentralised architecture where local processors perform and
record the first level of SHM processing with the transmission of the output to an

upper-level processor.

® Development of efficient aircraft SHM algorithms, for preprocessing the raw data
from the sensor is needed. This could lead to advanced alert systems and lower power

consumption for wireless data transfer.

® Adaptation of future innovative approaches is being developed in microelectronics,

MEMS, etc. which will improve effectiveness and costs.
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edures.pdf
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