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Abstract. Each modern aircraft uses many sensors to sense different operating parameters. Sensed
parameters are subsequently sent to the appropriate computer for processing. Because many sensors
are often remotely located, they require long power and signal wires. Moreover, the routing of large
number of wires complicates the design of the aircraft. This is an issue, especially in passages from
pressurized to non-pressurized areas and near fuel tanks. For all these reasons, it is attractive to use
sensors with their own power supply and wireless communication possibility. Today, most of remotely
located sensors use electrochemical voltage sources, however they imply environmental and reliability
issues. The solution is to use sensors that generate their own energy. This article points out the
possibility of using on-board sensors with energy harvesting technology.
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1. INTRODUCTION

Modern aircraft uses many different sensors that monitor operating parameters during the flight.
The most common is monitoring of the airframe structure, engine conditions, vibration, outdoor and
indoor temperature, and humidity [1]. All these sensors need electricity for their operation. The
traditional way to supply electric power to sensors is realized by wires connected to the aircraft's
electrical network. In the case of large aircraft, such as an Airbus A380, the total length of 98’000
wires can exceed 470 km with a weight of 5700 kg [2,3]. Such a quantity of conductors presents, in
addition to a weight handicap, routing problems in the airframe, because power and signal conductors
must not be routed in the same harness. The second, currently widely used, method to power remotely
located sensors is with primary or secondary cells. However, the sources of electrochemical energy
have serious drawback — their properties depend on the operating conditions (temperature, pressure
and humidity). Other disadvantages are short lifetime, limited power density, leakage problem and
ecological burden associated with their recycling [4]. In general, primary cells must be replaced
regularly. In case of secondary cells, they must be regularly recharged during the maintenance. Due to
the disadvantages of electrochemical energy sources, sensors that are capable to obtain energy from
the surrounding (waste) energies come to the fore. Such sensors are known as energy harvesting
sensors. If they are additionally equipped with a wireless communication interface, then the use of
power and data wires can be eliminated. This article presents viable energy harvesting methods that
can be theoretically used in aviation. The article is structured as follows, Chapter 2 deals with the use
of wireless sensors in aviation, Chapter 3 discusses the different methods of energy harvesting, and
Conclusion summarizes up to date research on energy harvesting sensors suitable for aviation
purposes.
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2. THE USE OF WIRELESS SENSORS IN AVIATION

The lifetime of aircraft is not limited by the number of its flight hours, but rather by the number of
operating cycles — take-offs and landings. During these cycles, the aircraft structure is regularly
stretched and compressed, resulting in the formation of micro cracks in its airframe. The condition of
the airframe must therefore be monitored regularly. Inspections take place during scheduled aircraft
maintenance [5]. However, this requires its grounding, which has adverse financial consequences for
airlines. From this point of view, it is advantageous to use sensors that continuously monitor the
structural condition of the airframe.

Sensors with wireless transmission, using energy harvesting technology, must include a sensor,
power supply unit, power converter and management unit [6]. The operating mode of a sensor affects
its power consumption. In sensing mode, it can only be 1 mW at 3.3 V, however in transmission mode
it can be several mA [7]. During the normal operation, the sensor unit is supplied only by energy
harvester. In case the harvesting power decreases below the predetermined level, the sensor operation
would be erroneous. For that reason, the additional power storage device, e.g., supercapacitor or
secondary cell, must be used to compensate for power loss and fluctuations [6].

The power to weight ratio of such a solution determines the suitability of using sensors working
based on energy harvesting in comparison with wired sensors. In Tab. 1, there are compared power
densities of various energy harvesters suitable for aviation purposes. It is evident that the best energy
harvesters in terms of power density are thermoelectric generators.

It is still an issue to use wireless communication in aviation. Metal structure of an aircraft poses a
burden to wireless propagation so sensors must be placed only in areas with feasible signal
propagation. For that reason, several access points will be needed to provide the wireless links
between wireless sensors and an on-board data processing unit. Moreover, wireless communication is
not convenient for sensors which generate a large amount of data and for sensors used in applications
that demand very high reliability [8].

Table 1 Power densities of various energy harvesters [6]

Energy harvesters Power densities
3v-flexible Si solar cell 1000 1x (for inside applications) 7uW/g
3v-flexible Si solar cell 10000 1x (applications in shadow) 280 uW/g
Vibration generator VEH 360, a=0.24 m/s? 2.78 unW/g
Vibration generator VEH 360, a=0.98 m/s? 37 uW/g
Thermoelectric generator, AT=10 K 8 mW/g
Thermoelectric generator, AT=40 K 131 mW/g

3. TECHNOLOGIES IN ENERGY HARVESTING

Loss of energy is inherent in each technical device during its operation, as no process is 100%
efficient. An example is an internal combustion engine which efficiency does not exceed 50% [9], the
remaining energy is converted into "loss" heat and vibration. Another example is the operation of
electrical machines — motors, generators, and converters, which efficiency is usually up to 95%
[10,11]. In the case of generators of more electrified aircraft (MEA), which power can be up to 250
kVA, these losses represent up to 12.5 kVA. The Boeing 787 uses 4 such generators. Another example
is the vibration of airframe parts, which are caused by air flow or by engines and propellers operation.
By applying suitable converters, it is possible to use this energy to supply small loads, such as sensors.
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3.1. Photovoltaic effect

The photovoltaic effect is the generation of electrical energy (voltage) in a material upon exposure
to light. A device that converts solar energy into electricity is called a photovoltaic solar cell. When a
photon with a suitable energy hits a solar cell, it excites the electron to a higher energy level, thereby
passing into the conductive layer of the solar cell (Fig. 1). The single junction silicon solar cell can
produce up to 0.6 V [12].

Solar incident energy
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[ e . e 5 = Antireflective coating
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A |  4— Electric field
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<4— Conductive layer

Figure 1 The principle of photovoltaic solar cell

Due to the power of the incident solar energy, which is approximately 1000 W/m? [13,14], it can be
used in the case of a solar cell with good efficiency and power density, not only to power small
sensors, but also to power larger appliances. The conversion efficiency of incident light into the
electrical power is expressed by equation (1).

_ Voc.Jsc. FF
T] —_——

b 1
where: 1 is a power conversion efficiency, Vo is open-circuit voltage of a cell, Ji is short-circuit
current, FF is a fill-factor and Pi, is incident light power.

In 1980, the world's first piloted, solar-powered flight was realized with the aircraft Gossamer
Penguin [15]. In 2018, a flight in the stratosphere took place with the Airbus Zephyr 8. This aircraft
used gallium arsenide-based solar cells that during the flight recharged lithium-ion batteries with
specific energy 435 Wh/kg [16]. In 2016, the first manned solar-powered flight around the world took
place, with the Solar Impulse 2 aircraft, which used 17248 photo voltaic solar cells with an output of
66 kW and recharged 4 lithium-ion batteries during the flight [17]. The efficiency of current silicone
solar cells is around 30%, and gallium arsenide cells is around 40% [18].

3.2. Thermoelectric effect

The low-grade thermal energy harvesting technologies are based upon the thermoelectric,
pyroelectric, thermomagnetic, and thermoelastic effect [19]. A thermoelectric effect is the generation
of electrical energy based on a temperature gradient in materials that exhibits thermoelectric
properties. In general, the thermoelectric effect is the resultant of Seebeck, Peltier and Thompson
effects. A device working on Seebeck effect, which converts a thermal gradient into electrical energy,
is called a thermoelectric generator [20].

During the Seebeck effect, DC voltage is formed when two ends of conductors made of different
metals are connected. This effect is amplified if both ends have different temperatures. The induced
voltage is directly proportional to the difference in their temperatures (Fig. 2). This can be
mathematically expressed by Equation (2).

Thermoelectric generators have low energy conversion efficiency, only 1-10%. On the other hand,
they are self-sustainable which makes them suitable for providing power in remote areas.
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Thermoelectric generator of size 3 cm x 3 cm can produce 4 W of electrical power across temperature
difference of 180 °C [21]. However, such a temperature difference at a short length is not common for
most systems, so in practice power output of TEG is much lower.

LOAD

Material A

Hot junction Cold junction

Material B

Figure 2 The principle of Seebeck effect

Vout = Qpp x AT (2)

where: V,, is generated voltage, delta T is temperature difference between hot and cold junction and
a4z is Seebeck coefficient for materials A and B of the thermocouple.

Temperature difference occurring in different structures during the flight can reach up to 40 °C in
civil aircraft (Fig. 3). Because the size of TEG is usually very small, for effective power conversion,
thermal gradient must be high. However, the high operating temperature of the devices is a problem
with the application of a thermoelectric generators. In this case, the thermoelectric generator cannot be
attached directly to the device, but a protective film must be inserted in-between, which artificially
lowers the temperature on the inlet side of the generator to an acceptable value.
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Figure 3 The typical temperature difference in selected locations of aircraft

3.3. Pyroelectric effect

The pyroelectric effect is the generation of electrical energy in the form of alternating current in
materials during cyclic temperature change. The pyroelectric effect occurs in materials with internal
electrical polarization, for which with increasing material temperature decreases electrical polarization
and vice versa (Fig. 4). However, pyroelectric generators have a low efficiency, around 0.5%, due to
the limited temperature change frequency. This is limited to about 1 Hz, due to the thermal
conductivity between the thermal medium and pyroelectric generator [22]. These generators must be
excellent thermal conductors with a low thermal mass. The efficiency of pyroelectric generator can be
expressed by Equation (3):
~ Wy — Wp

CyAT + Qine + Quear (3)

where: Wg is the generated AC power, Wp is the power lost during cyclic temperature change, C, is the
heat capacity of the pyroelectric generator material, Qi are the intrinsic heat losses during the thermal
cycle and Oy is the heat leakage between the hot and cold source.

n
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Figure 4 The principle of pyroelectric effect
3.4. Piezoelectric effect

Piezoelectric effect is the property of certain crystals to generate voltage in response to applied
mechanical stress (Fig. 5). Most piezoelectric harvesters utilize the resonance of a cantilever beam. A
cantilever beam, from a mechanical point of view, is equivalent to a vibrating lumped spring-mass
system. The equation of motion of a lumped spring-mass system can be written as

&y(t)
e @

d*z(t) b dz(t)

T dt

+k-z(t)=-m-

where: m — mass of a system, k — system stiffness, b — damping coefficient, z(t) — displacement as a
function of time and y(t) — initial impulse to the system.

Depending upon the frequency and amplitude of the mechanical stress, it is possible to design the
proper transducer. Frequencies produced by rotors and propellers of aircraft, can be determined very
easily. The typical rotor speed and blade passage frequency is in the range 10 Hz - 80 Hz and the
frequency produced by the jet engine is in the range 20 Hz - 500 Hz [23].

Neutral Net - Net +
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Figure 5 The principle of piezoelectric effect

4. CONCLUSION

Although the use of sensors based on energy harvesting does not bring a considerable weight
reduction, it contributes to increased safety and to reduction of the environmental burden associated
with the problematic recycling of batteries. At present, sensors based on energy harvesting technology
are beginning to be used in aviation, especially in structural health monitoring and flight testing.

In [24], authors are investigating photovoltaic cells which supply pressure sensors during the
aircraft testing. The system was operating well for irradiance of only 80 W/m?. In [25], authors are
investigating techniques for structural health monitoring with the use of energy harvesting wireless
sensors. Authors conclude that proposed system can satisfy most structural monitoring requirements.
In [26], authors are investigating the possibility of harvesting vibrational energy to enhance the flight
endurance of small UAV and concluded the article that such a solution can be used soon to charge a
small battery. In [27], authors propose device which can harvest energy from the dynamic deformation
of an aircraft wing under gust loading. 100 um-thick harvesters could generate energy exceeding 10
J/m?, In [28], authors proposed an improved version of thermoelectric generator and power
management unit with the conversion efficiency increased by 56%.

ISSN 1339-9853 (online) http://acta-avionica.tuke.sk ISSN 1335-9479 (print)



Energy Harvesting Methods in Aviation 57

The best power density is provided by thermoelectric generators, however there are just few
possible applications in aviation as they require high thermal gradient for effective operation. On the
aircraft, TEGs can be placed near engines, APU, hydraulic lines and electrical generators. Solar cells
provide very effective power conversion, however, they can operate only during the sunny days, so
they require bulky power storage device which decreases it power density. Piezoelectric generators’
efficiency is proportional to acceleration which limits their application in aviation. Rotor blades,
engines’ pylons and wing structure are all suitable for vibration harvesting but the incorporating
piezoelectric elements into the structure cannot affect its mechanical properties.

Energy harvesting in aviation is promising technology, however, further improvements are
required, especially on energy conversion efficiency.
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