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Abstract—Integrated health monitoring is beneficial but due
to reliability, weight, size, wiring and other constraints, the
incorporation of instrumentation onto aircraft propulsion systems
is limited. Conventional wired sensing systems are not always
feasible due to size, weight constraints, and issues associated
with cable routing. This paper presents an integrated and self-
powered wireless system for high temperature (above 125°C)
environments powered by a thermoelectric generator for bearing
condition monitoring. Thermoelectric generator with internal oil
cooling chamber is proposed to achieve higher energy output for
small temperature gradient recorded in the jet engine in compar-
ison with other thermoelectric generators with heat sinks. The
experimental results demonstrate that, under a simulated engine
environment, the thermoelectric generator can provide sufficient
energy for a wireless sensing system to collect environmental data
every 46 s, and transmit every 260 s, during the critical take-off
phase of flight and part of cruise.

Index Terms—self-powered, condition health monitoring, wire-
less, aerospace.

I. INTRODUCTION

ELF-POWERED sensing systems could enhance the per-
formance and reliability of aircraft propulsion systems.
Around 50% of flight delays are due to engine problems, at a
cost of US$9, 000 per hour. Furthermore, 50% of flight cancel-
lations are due to engine problems at a cost of US$66, 000 per
cancellation [1]. In the case of in-flight shut down, each engine
component must be inspected individually. Hence, it is very
important to monitor engine components such as bearings, and
to detect an impending failure at early stage [2]. For example,
an integrated wireless sensor close to a bearing could provide
more accurate information about the health of the bearing. This
is achieved by primarily having a direct access to the source or
the component of interest and enhanced signal quality essential
for early fault detection and diagnosis.
Recent investigations on bearing condition monitoring are
either done by analyzing the recorded signals off-line [3, 4, 5]

B. Zaghari (Corresponding author), A. S. Weddell, and N. M.
White are with the School of Electronics and Computer Science,
University of Southampton, Southampton, SO17 1BJ, UK. e-mail:
(bahareh.zaghari @soton.ac.uk; asw @ecs.soton.ac.uk; nmw @ecs.soton.ac.uk)

K. Esmaeili, T. J. Harvey, and L. Wang are with the National Centre for
Advanced Tribology at Southampton (nCATS), University of Southampton,
Southampton, SO17 1BJ, UK. 1. Bashir was with the Advanced Tribology
at Southampton (nCATS), University of Southampton, Southampton, SO17
1BJ, UK. e-mail: (kamran.esmaeili@soton.ac.uk; T.J.Harvey @soton.ac.uk;
ling.wang @soton.ac.uk; I.Bashir@bath.ac.uk)

Patrick Mirring is from Schaeffler Aerospace, 97421 Schweinfurt ,Germany.
e-mail: (mirriptr@schaeffler.com)

This study was carried out in the framework of Clean Sky 2 Joint Under-
taking under the 82 European Union Horizon 2020 research and innovation
programme under grant agreement No 12BS: 717174.

or on-node in room temperature [6]. On-node signal processing
for initial feature extractions and fault diagnosis can be im-
plemented on an integrated wireless sensor system. Wireless
sensing systems consist of sensors, electronics (including am-
plifiers, Analog to Digital converters (ADCs)), power sources
or storage devices, a processor and wireless transmission
modules. Real-time data collection from sensors and data
analytics can be used to improve performance, and reduce
operational and maintenance costs. Although some transducers
are suitable for high temperature applications, it is difficult to
measure the process and wirelessly transmit readings in-situ
owing to the lack of high temperature electronics and energy
storage. Typically, data is transferred with cables to much
cooler regions. In the case of a jet engine, the electronics are
typically placed in the nacelle, which may range from -40°C
to +55°C. Due to complex wiring connections, reliability can
be poor, the sensor locations are restricted and the cost and
weight of the sensing system is increased.

Smart bearings have been widely used in automotive and rail
applications [7], however they have not been developed for jet
engines due to the challenging operating environment. Vibra-
tion and temperature are traditionally the driving parameters
for online health monitoring [8, 9]. In a recent study a signal
processing technique based on undersampled vibration signals
have been introduced to minimize the energy consumption and
computing resource of wireless self-powered systems while
retaining the monitoring and diagnosis performance [10]. As
well as vibration data, load, cage and shaft speed in a jet
engine have been recorded and analysed for bearing condition
monitoring [11]. Suitable sensors for a jet engine were tested
to find their resilience to high temperature and high shaft
rotational speed (3000 rpm to 25,000 rpm), which creates
a turbulent environment [12]. Apart from the environmental
restrictions, wireless sensors for smart bearings must be au-
tonomously powered, restricting the power budget for sensing
and wireless data transmission. Most vibration, load, and
temperature sensors do not require power for sensing, but their
amplifiers do. To achieve a lighter and sustainable solution,
there is a need for an energy harvester to provide energy for
the sensing system.

This paper proposes an integrated self-powered smart sens-
ing system consisting of high temperature electronics for
signal amplifications, power management, processing and
transmission. The system components are selected (Section
IT) based on their power consumption and compatibility with
aerospace requirements to achieve sensing and transmission
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Fig. 1. Schematic of an engine part provided by Safran Aircraft Engine [17].
The smart bearing has integrated accelerometers, thermocouples, and strain
gauges. Thermoelectric generators (TEGs) will be located in two places: TEG1
will be placed on the bearing outer ring and TEG2 will be under primary path
and upper side of the gear box. Greater temperature variation is suitable for
a thermoelectric energy harvester, hence a location close to the bearing is
considered. Engine oil used for bearing lubrication will be used to cool down
TEG1 and heat up TEG2. Temperature at the locations where the transceivers
are attached are considered to be below 125°C.

on a typical flight profile. A system architecture has been
designed (Section III), and data has been measured for energy
availability from a thermoelectric energy harvester. The sens-
ing and transmission subsystem has been designed, prototyped
and characterized (Section IV), and lastly the overall power
status of the system has been evaluated to model the activity
of the system during a typical flight profile (Section V).

II. HIGH TEMPERATURE COMPONENT AVAILABILITY

Jet engines have several bearings at different locations.
Condition monitoring of a bearing in a cooler zone (up
to 125°C) is the focus of this paper, hence technologies
suitable for this environment are considered. Figure 1 shows
temperatures at selected locations to place the electronics and
the energy harvester. The location of the bearing is close to
the fan blade and in this region the temperatures do not exceed
160°C.

Vibration energy harvesters based on active materials
(e.g. piezoelectric [13], magnetostrictive [14], and ferroelec-
tric [15]) and electromechanical coupling mechanisms (e.g.
electrostatic and electromagnetic [16]) have been mostly used
in temperatures below 80°C. The performance of these har-
vesters is dependent of magnitude and the frequency of
external vibration [13]. Due to elevated temperature close to
the bearing, active materials have not been considered. Also
magnets interfere with bearing lubrication and attract particles
that need to removed by the lubrication. A thermoelectric
generator, which converts heat energy to electrical energy is
a popular energy harvesting mechanism in high temperature
environments [18]. Thermoelectric generators (TEGs) operate
on the principle that, when the connected junctions of two
dissimilar materials have a temperature difference, an elec-
trical current is generated. Typically, the best performance
of the thermoelectric generators is reached when one side
of the thermoelectric module is in contact with forced air
convection [19]. The design presented by Zhang et al. [20]

is an example of a high temperature TEG, which is based
on a nanostructured bulk material with a direct metal brazing
process to increase the device operating temperature. Commer-
cial TEGs such as Calcium/Manganese (CMO) TEG Cascade
from TECTEG [21] can operate at 800°C. Ultra low power
management circuits have been designed to manage the energy
received from the TEGs for under 125°C [22, 23]. In these
studies the design decisions are related to increasing the time
that sensors can operate when the input power from the TEGs
are at its minimum.

Several batteries have been developed which operate at
temperatures up to 300°C under specific conditions [24]. In
some aircraft, such as the Airbus A350, several SAFT Lithium-
ion batteries have been packaged against high temperature,
but they weigh 30 kg each [25]. The voltage level and high
energy density of batteries make them suitable for wireless
self-powered applications, but safety concerns about potential
explosion are a significant issue for aerospace applications.

High temperature ultracapacitors (supercapacitors), or elec-
trical double layer capacitors are also a good option for energy
storage for wireless sensing modules [26, 27]. Ultracapaci-
tors store energy through electrostatic forces, in comparison
with batteries which store energy through chemical potential.
Nanoramic laboratories has developed a commercially avail-
able ultracapacitor operating up to 150°C [28]. Owing to the
improved safety characteristics, a lightweight ultracapacitor
(FastCAP Type:EE150-35) from Nanoramic Laboratories [28]
is proposed in this paper as an energy storage. This ultracapac-
itor contains carbon nanotubes and an electrolyte that extends
the temperature range beyond other capacitors, allowing use
in temperatures from -40 to +150°C. In comparison with
Lithium-thionyl chloride batteries that are commonly used
for high temperature systems, these ultracapacitors do not
explode at shock temperatures and have lower energy density,
and higher rated capacitance in comparison with other high
temperature capacitors.

The commercial temperature range specification of CMOS
integrated circuits is from 0°C to +85°C and -55°C to +125°C
for military applications; outside these ranges is considered an
extreme temperature environment [29]. Aerospace electronic
systems, engine electronics, and power electronics operating
temperature ranges could extend up to 500°C. However, most
of these electronics are designed for high voltage and current
in power plants and so are not suitable for wireless sensing
systems [30]. Silicon-based CMOS devices are limited to
temperatures below 500°C, due to an increase in thermal
carriers in junction devices.

Wide bandgap semiconductors, such as diamond, gallium
nitrides, and silicon carbide (SiC) offer great potential to
fabricate high temperature electronics (>500°C) [31, 32].
New developments on 4H-SiC junction field effect transistor
(JFET) ICs with two levels of interconnect have consistently
demonstrated longer (>1000 hours) operating times at 500°C,
which makes them more suitable for jet engine use than
conventional designs. Operational testing of 4H-SiC JFET ICs
at ambient temperatures up to 961°C have been reported [33].
However, plastic packages that are typically used are not
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suitable for applications above 150°C. Ceramic packages for
temperatures up to 500°C have been proposed [34], but are
restricted to low current applications due to the resistivity
of the refractory metals used as conductors [34]. Packaging
technologies are the limiting factors for the industrial appli-
cations of high temperature electronics. Therefore, in order to
design packaging for harsh environments, the elastic behaviour
and long term stability of the micromechanical structures at
elevated temperatures must be addressed [35].

Commercial products exist for high temperature data ac-
quisition systems: the H.E.A.T. evaluation module, a high
temperature signal conditioning and processor evaluation plat-
form has been designed by Texas Instruments [36]. It is
designed to withstand operating temperatures up to 210°C.
The limitation of this module is the choice of amplifiers
(due to limited compatibility with a few sensors) and high
power consumption of its ARM7 Microcontroller, making it
unsuitable for most self-powered systems. There are a few
microcontrollers available for high temperature applications
that consume low power, such as OMAPL137BPTPH from
Texas Instruments with current consumption 20mA at 3V
and an operating temperature range of -55°C to +175°C, and
PC5674F from TELEDYNE e2v [37] with current consump-
tion 3mA at 2V, and an operating temperature range of -55°C
to +175°C. Electrical components should comply with DO160
specifications [12] prior to installation in the aircraft jet engine.
A wireless system reduces the time and cost to install and
maintain connections of large numbers of cables [38, 39].
Wireless communication of data between devices consumes
power, motivating a low-power communication design. To
transmit data wirelessly, communication technologies such
as IEEE 802.15.4, Radio Frequency Identification (RFID),
Near Field Communication (NFC), Sigfox, LoRaWAN [40],
and other proprietary protocols for wireless networks have
been developed. Data is received and transmitted with an
RF transceiver, however, no radio chip that withstands high
temperatures (> 125°C) is commercially available.

Passive wireless systems, Surface Acoustic Wave (SAW)
resonators [41], mechanical resonator MEMS devices [42],
and LC resonant devices [43] have been introduced for near
field transmission. Yang [44] introduced an example of a
wireless sensing device for harsh environments. The pressure
sensor, a piezoresistive MEMS device, operates at 450°C. The
performance of wireless transmission SiC FM module for low
power devices was not evaluated in their study. Based on this
review of high temperature components, the aim is to deliver a
self-powered sensor system for high temperature applications
(up to 125°C).

III. SYSTEM ARCHITECTURE AND DESIGN

The self-powered system is designed to provide energy for
collecting data from embedded sensors (e.g. strain gauges and
thermocouples) and the wireless transmission of data. Figure 2
shows the full system architecture for a high temperature self-
powered sensing system and has been tested during a flight
simulation (Table I). The energy evaluation has been carried
out for each part of the system.
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Fig. 2. The proposed wireless sensor system consists of an energy harvester,
electronic interfaces, microprocessor, and wireless transmission.

TABLE I
TEMPERATURES AT TEG1 AND TEG2 LOCATIONS, AND OIL
FLOW/TEMPERATURE, FOR A SIMULATED FLIGHT.

Phases of a flight
Parameters Take off Cruise Descent and Ground idle
(%10) (%75) landing (%5)
(%10)

TEG1 with internal cooling
Toil—in 120°C 120°C 120°C 120°C
T 160°C 140°C 150°C 125°C
Flow rate 0.21/min 0.21/min 0.21/min 0.11/min

TEG2 with internal heating
Toil—in 120°C 120°C 120°C 120°C
Tio 120°C 115°C 120°C 100°C
Flow rate 0.21/min 0.21/min 0.21/min 0.11/min

A. Thermoelectric generator

Thermoelectric generators (TEGs) work as a heat engine
operating between two heat reservoirs, as presented in Fig. 3.
The efficiency of the TEG is lower than Carnot efficiency due
to losses caused by the electrical, thermal, and thermoelectric
properties of the thermoelectric material [45]. However, it is
used in the proposed system for a non-ideal heat engine. TEGs
are ideal for low power applications, and their power output
can be increased by adding thermoelectric couples in series-
parallel combination. In this work, Bismuth Telluride is used
as a thermoelectric material [46]. In previous studies [23, 47],
the characterization of thermoelectric modules for powering
autonomous sensors have been done by considering the cold
side with a heat sink. Here, we are showing the analysis when a
cooling chamber with engine oil is considered. The efficiency
of a thermoelectric device depends on electrical conductivity
o, thermal conductivity x, and Seebeck coefficient « of the
thermoelectric material. The figure of merit is defined by [18]

Z===. (1)



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

(b)

oil out
oil circulation

7

oil in

‘l/ Qc,oil

4
Joule effect heat Qjoule, such that

Qui = Qfourier + Qpeltier — Qjoules (2)

where Qtourier = NgaITEcThs, (3a)

Qpeltier = K (Ths — Tts), (3b)

Qjoute = @, (3¢)

oil
| hot plate

| and ng is the number of elements, « is the Seebeck coefficient,

Qi
Fig. 3. (a) TEG with oil chamber. (b) Schematic of TEGI with internal
cooling oil, which is placed on a hot plate for simulating temperatures at
different flight modes. The chamber with oil on the hot plate is used to
distribute the temperature uniformly across the hot side of the TEG module.

Flow sensor

Fig. 4. Experimental set up to control the flow rate and temperature of the
oil. The TEG is placed inside a chamber on a hot plate.

The electrical conductivity, thermal conductivity, and the See-
beck coefficient are functions of temperature, and change when
the thermoelectric generator is encapsulated [46, 47]. Based
on the energy balance at the hot and cold junctions of a
thermoelectric generator [18], the heat input Qy; is balanced
by Fourier heat conduction Qfourier, Peltier heat Qpeitier and

P
Thermocouple

Fig. 5. TEG is placed on the hot plate. One thermocouple is placed under
the TEG and the other is placed on top. Two thermocouples are placed
in the piping to measure the temperature of the input and output oil. This
configuration is used for simulating the engine environment, where TEG1 is
located on the outer ring of the bearing.

Itgg is the current flow from the TEG, R, is the internal
electrical resistance of the TEG, and T}, and T, are the hot
and cold side temperatures. The thermal conductance of the
encapsulated TEG K from KE technology is

K =2AL1(62605.0—277.7T+0.4T) x 10" *Wm ™K. (4)

For commercially available thermoelectric modules, A and L
are approximate values for the area and the length of the P- and
N-type semiconductor legs (the properties of the selected TEG
from KE technology is presented in Table II). The Seebeck
coefficient is

Voc

ng (Ths - Tcs) ’

where V. is the open circuit voltage of the TEG. The electrical
current Itgg flows in accordance to the applied temperature
difference, which is given as
T Voe — VrEG
TEG =~ p
g
The electrical power, Ppeasured, harvested by the TEG is a
function of its output voltage,

)

o=

Q)

N

The heat absorbed by the cooling oil can be determined from
the finite time thermodynamic mode [48]

QC,oil = ch(Toilfout - Toilfin)a (8)

where G is mass flow rate and c;, is the specific heat capacity
of the cooling oil (refer to Table II), and 75—yt and Toi—in
are the temperature of the oil coming out from the TEG and
input oil temperature, respectively.

Pmeasured = VTEGITEG~

Power output can be found from this heat as

&)

Peaculated = QHi - QC,oil-

B. Experimental study

Figure 1 shows the preliminary design of a jet engine with
a smart bearing. The positions of the TEGs are selected based
on the temperature profile of the environment. In general, a
heat sink is used to cool down TEGs, however this method
is not efficient for using TEGs inside a jet engine. Since
there is no flow of cold air, both sides of a TEG reach a
mutual temperature, leading to reduction in energy output.
The selected TEGs were designed to have an internal chamber
for cooling or heating. Lubricant oil (Mobil Jet Oil II) in the
engine is used to cool the bearings by carrying heat away
as well as collecting debris which otherwise might cause
damage. A portion of this lubrication oil can be used to
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cool down a TEG (TEGI in Fig. 1), which will be installed
inside the engine. The other side of the TEG is attached
to a surface with a higher temperature. TEG1 is designed
to give maximum power when the back is hotter than the
oil circulating inside. A second TEG (TEG2 in Fig. 1) is
proposed to be placed in a cooler zone, for example above
the gear box in Fig 1, and hotter oil will be used to keep
one side of the TEG at a higher temperature. These locations
are identified based on the pathway of the oil pipes, geometry
and temperature variations as well as flow rate changes during
different flight phases. Circulating the oil in this way cools
down the oil for TEG1 and improves the efficiency of energy
harvesting. By way of experiments, TEGl was exposed to
different temperature gradients, while it was placed on a hot
plate as shown in Figs. 3 and 4. In Figs. 3 and 4 the positions of
the thermocouples and the piping to control the oil temperature
and flow rate are shown. To simulate the engine environment
the TEG is placed inside a chamber and the pipes for oil in
and out are isolated from each other.

Thermal imaging techniques have been proposed as a non-
invasive method for thermal characterization [47]. Since in
this study the TEGs are placed inside a chamber, the thermal
imaging could not be employed. Thermocouples were used to
measure temperature at different positions (Fig. 5).

The voltage across different resistive loads was measured,
and current and power calculated from the measured voltage
and load resistance. The results at different engine operating
temperatures are shown in Figs. 6 and 7. From these, the max-
imum power and optimum load resistance at each temperature
gradient can be calculated. The voltage and current values
were recorded in the steady-state mode after the load changes
were applied. The optimum load varies with temperature as
well as flow rate, and in Fig. 6 the peak power is found where
the optimum load is close to 2 2. The open circuit voltage
Voc was measured and is shown in Fig. 6.

C. Performance of TEGI during a simulated flight

To analyse the feasibility of using a TEG to power sensors
on a smart bearing, TEG1 was tested with temperature values
from a real flight program. The parameters of this test are
chosen based on Table I. Table I shows the temperatures during
different flight modes based on thermodynamic finite element
modelling of the engine. T}; and Tj in Table I refer to the
temperatures at the location of TEG1 and TEG2. The oil flow
rates and the oil temperatures are defined by flight phases and
the requirements given from the jet engine manufacturer. Oil
flow rates 0.21/min and 0.11/min are used for the tests during
take off and landing respectively.

Figure 8 shows the calculated and measured power during
a flight. The 90-minute simulated flight from London to
Frankfurt consists of 9 minutes for take off, 67.5 minutes for
cruise, 9 minutes for descent and landing and 4.5 minutes
for ground idle. The power shown in Fig. 8 is calculated by
substituting Egs. 2 and 8 into Eq. 9. The maximum loads were
identified from Fig. 6. The measured power is found from the
current across an optimum load resistance multiplied by the

TABLE II
PROPERTIES OF MOBIL JET OIL II AND TEGS.
Property Value Units
Oil specific heat capacity 2000 J(kgK)~T
Number of thermocouple elements 111 pairs
Dimensions of the encapsulation base 35%40 mmxmm
Module thickness (baseplate and electrode) 3 mm
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Fig. 6. Measured power and voltage as a function of load resistance at
different thermal gradient and oil flow rate. The temperature of the hot side
and oil flow rate is defined for each point. The input oil temperature was set
to 120°C.

voltage across the TEG. The measured power is less than the
calculated power due to energy conversion inefficiencies and

thermal losses.
The measured power output can be used to compare the

proposed system with existing self-powered systems. The
power generated from this study is ten times greater than the
one reported in similar studies for a similar temperature differ-
ence [49]. However, exiting self-powered systems [46, 45] are
designed for low temperature (under 80°C), hence the power
management systems are different. Also greater temperature
differences are generally considered for the thermoelectric
generators making it difficult to have a like to like com-
parisons. During the tests shown in Fig. 8, the temperatures
of the hot and cold sides of the TEG were recorded and
is shown in Fig. 9. Temperature in close vicinity to the
TEGI is recorded to monitor the changes in the environment
(Fig 9(c)). The voltage across the TEG1 was recorded when
the load circuit was connected to the TEG1 (Fig 9(d))). The
temperature of the oil Toy—in and Tu;—out, the calculated
temperature difference, as well as the oil flow rate are shown
in Fig. 10. These temperatures were controlled to match the
requirements mentioned in Table I, however in some cases
(especially between the flight phases) the temperatures differ
slightly. The oil flow rate also changes with temperature and
hence for the last phase of flight, the ground idle phase, the
minimum flow rate of 0.11/min has not been achieved.

IV. SENSORS AND INTERFACES
A strain gauge (Type ZFCAL-1-11) and a K-type thermo-
couple were selected to measure the axial and radial load and
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Fig. 7. Measured power and current as a function of load resistance at different
thermal gradient and oil flow rates. The temperature of the hot side and oil
flow rate is defined for each point. The input oil temperature was set to 120°C.
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the temperature of the bearing (refer to Fig. 11). The Gauge
factor of the strain gauges at 100°C and 200°C are 1 and 2.3
respectively. +0.85[(um/m)/°C] tolerance is considered for the
strain gauges. A half bridge configuration with temperature
compensation is designed. The sensors are mounted on the
stationary part of the bearing (outer ring) to minimize their
influence on the normal operation of the bearing. In the current
set up, the sensors are connected to the processing system
using cables; it is expected that, in future iterations, the wires
can be robustly mounted onto the surface of the bearing
housing.

A high temperature amplifier was designed using high
temperature op-amps (OPA2333HT and OPA211HT) from
Texas Instruments. The operating temperature range for the
op-amps used to design the amplifier is -50°C to +200°C.
The maximum temperature of this module restricts the op-
erating temperature of the amplifier, with other components
(capacitors and resistors) being rated at higher temperature. A
Polyimide-based laminate (P26) and core material (P96) with a
glass transition temperature of 260°C, was used for the printed
circuit board. Calculated lifetime of a bearing is close to 90000
hours and the electronics used in the engine are specially
designed and tested to have similar lifetime. In this study off
the shelf components with 7000 hours lifetime have been used
but for the final test demonstrator specific electronics will be
made to comply with aerospace certifications.

A. Power management and energy storage

Power management is necessary since active electronics,
integrated circuitry, and wireless communications all require
power. Maximum Power Point Tracking (MPPT), which can
be included in charge controllers are used for maximizing
the power extracted from energy harvester modules. Power
management ICs that can provide MPPT are not yet available
for temperatures above 125°C. A boost converter (Linear
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Thermocouple
\

Fig. 11. Strain gauges and thermocouples mounted on a bearing.

TABLE III
MEASURED AVERAGE POWER CONSUMPTION DURING DIFFERENT MODES
AND AVERAGE DURATION OF EACH ACTIVITY.

Sleep ADC Transmission

Power Power Power

1.65 uW 0.004 W 0.09 W

Duration Duration Duration

Varied depend on the energy availability | 0.03 sec 0.14 sec

- Sampling freq | Data size

- 200k 230 samples
samples/second

Technology LTC3108-1), which can convert the input voltage
from the TEG from as low as 20 mV to 500 mV as well as
managing the energy distribution between the supercapacitors
and the voltage output, was selected. The proposed design
(Fig. 2) has five ultracapacitors that are connected in series.
Each ultracapacitor has a rated voltage of 1 V and capacitance
of 33.2F. Due to their high capacitance, and the low power
output of TEG, approximately 10 hours of flight would be
required to fully charge the ultracapacitors. These ultracapac-
itors were selected based on the restrictions in using storage
devices in aircraft engine.

V. POWER CONSUMPTION ANALYSIS
A. Processing and transmission

The selected high temperature low power microcontroller
unit (MCU), the MSP430F2619S-HT from Texas Instru-
ments [36], has a 16-Bit microcontroller, 120 kB Flash, 4 kB
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Fig. 12. (a) Recorded voltage and (b) current of the TEG during processing

and transmission. (¢) Vout is the voltage output of the LTC3108-1 connected

to Voo of the microcontroller where Coyt = 5mF.
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Fig. 13. (a) Recorded voltage and (b) current of the TEG during processing
and transmission. (¢) Vout is the voltage output of the LTC3108-1 connected
to Voo of the microcontroller where Coyt = 10mF.

RAM, and a 12-bit ADC. Currently this is the only commercial
MCU available with maximum operating temperature 150°C
that is suitable for smart sensing. A low power radio module
(CC2520 from Texas Instruments) with a 2.4 GHz IEEE
802.15.4 transceiver has also been selected, which can operate
up to 125°C. One of the challenges in transmitting data
wirelessly inside the jet engine is the interferences and barriers
due to complex design of the engine. To avoid this during
transmission, transceivers can be placed outside the outer
casing of the Nacelle and close to the primary flow path as
shown in Fig 1. The transceivers should be implemented using
a flat antenna to prevent interferences with the flow pathways.
The transceivers located in the Nacelle will be powered by the
main supply available in the Nacelle. The selected locations
provide a short distance for transmissions (<1m). In this study
the transmit mode is set to a minimum to reduce its power
consumption for short distances. The power consumption of
the radio module changes based on its activity and the radio
transmission power, however in comparison with other high
temperature radio modules, it has the lowest power consump-
tion in active and sleep modes.

The smart sensing system can provide enough energy for
data acquisition and data transmission during take off and land-
ing. The energy provided by TEG1 is at its highest during take
off and landing due to high temperature variation. Table III
shows the average power consumption measured at different
stages of processing, sleep, sampling, and transmission. The
average power consumption is defined for a given activity,
durations, data size, and input voltages. The input voltages
are stated in Fig. 2. Data transmission compared to ADC data
processing has higher power consumption, but it only occurs
once per several ADC processing. Figures 12 and 13 show,
for a full flight, the measured voltages and current of the
TEGI1, as well as Vg, which is connected to the Voo of
the microprocessor.

From power consumption and its duration (¢q), load current



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

(D10ad), and the amount of voltage drop (AV,y), the capaci-
tance of capacitor C,; can be calculated as follows

Tioadta
AVvout

This calculation identifies Cy,; = 5mF and C,; = 10mF as
the minimum and maximum capacitance values that achieve
optimum charge time. A capacitor with C,,,; = bmF is charged
within approximately 138 sec of take off (Fig. 12(c)), whereas
the capacitor with Cyyy = 10mF is charged after 310 sec
(Fig. 13(c)). The processor is programmed to send a trigger
to activate pin Viut, when Vi, on the LTC3108-1 reaches
3V, and to collect data from the thermocouple and the strain
gauge’s amplifier. A packet containing this data is sent wire-
lessly after the fourth sample.In Fig. 12(c), before reaching 20
minutes into the flight, three transmissions, each containing
data from four samples, are sent approximately every 45 sec.
Between samples and transmission, both the wireless module
and the processor are in low power mode. This behaviour
is different when a capacitor with greater capacitance is
selected (Coyy = 10mF). Before reaching 20 minutes into
the flight, two transmissions are sent approximately every
46 sec.By selecting the minimum capacitance, the number of
samples and transmissions has increased. However, using the
smaller capacitor may cause the microprocessor to turn off
completely when V¢ is less than the operating voltage of
the microprocessor. Using the smaller capacitor, the voltage
into the microprocessor drops to 1.5V at the end of the flight,
which could lead to data loss. Further work with this system
should either use the larger capacitor to avoid this data loss, or
should supplement the smaller capacitor with a backup storage
capacitor, with capacitance Cyiore, SO that data is not lost at
the end of the flight.

C’out 2 ( 10)

VI. CONCLUSION

Wireless high temperature self-power sensor technology is
needed to provide in situ health monitoring in bearings. This
paper highlighted the needs, opportunities, and the challenges
in designing a high temperature sensing system with current
available technology. Also, it discussed the feasibility of using
smart sensing for engine monitoring when the electronics are
designed to consume low power and by managing the energy
harvesting system to provide sufficient energy for processing
and transmission. The sensing system successfully operated
under a controlled experiment, mimicking a real flight profile.
The energy generated during take off has been enough for
processing and transmission but the energy generated by TEG1
is not enough for sampling or transmission during cruise.
Hence TEG2 can be used to provide more energy. Future study
will be carried out when the high temperature oil from TEG1
will be used to heat up the hot side of the TEG2 and the
energy availability will be analysed.
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