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Abstract

The robust and reliable operation of aircraft engines is paramount. Rolling element bearings play a

major role in aircraft engines and bearing failure impacts engine health and reliability. Condition mon-

itoring of the bearing system is necessary to provide early warning of problems by sensing parameters

such as vibration and temperature. However, conventional wired sensing systems are not always desir-

able due to size and weight constraints, and their reduced performance in high temperature and pressure

environments. For the development of innovative smart bearings for an Ultra High Propulsion Efficiency

(UHPE) ground test demonstrator, an integrated, self-powered and wireless system is proposed. In this

paper, the feasibility of using a self-powered sensor for this application is investigated. The design of

the self-powered condition monitoring system addresses the issues of both achieving reliable sources

of energy and transmitting data. Laboratory experiments are carried out to evaluate the performance of

the system under various operating conditions. The effects of temperature variation on efficiency of the

energy harvester are demonstrated.

1. Introduction

The integration of self-powered and wireless electronics in aircraft engines provides informa-

tion from confined areas. In a confined rotating environment, such as a bearing, it is often not

feasible to install a sensor using wires, and changing batteries can also be troublesome and

costly due the resulting down time of the machine. Finding a robust and cost-effective technol-

ogy that can be applied to or in the vicinity of a rotating system (a bearing) is the objective of

this paper.
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Figure 1: Schematic of the energy harvesting powered sensor system.

Energy Harvesting based systems are the result of providing wireless sensor network nodes

with the capability of extracting energy from the surrounding environment. System architecture

of a wireless node with energy harvesters is presented in Figure 1. A good example of commer-

cial wireless system is the GE Bently Nevada wireless condition monitoring system, installed

as a pilot at Shell’s Nyhamna Gas Plant for predictive maintenance. The cost of hard wiring

was excessive to monitor the plant, therefore a wireless system powered by vibration energy

harvesters was used on a number of machines to provide full vibration data from accelerom-

eters to the central data processing system [1]. Another example is a rail monitoring system

implemented by Perpetuum, which includes sensor node contains a 3-axis accelerometer, vi-

bration energy harvester, a temperature sensor, electronics and wireless radio communications.

The Perpetuum system provides a bearing health index that allows the operator/maintainer to

monitor bearing wear in real time [2]. In the aerospace industry, Health and Usage Monitoring

System (HUMS) is a sensor based monitoring system that enables condition monitoring by

measuring the health and performance of mission-critical mechanical components in aircraft.

This device can be powered by energy harvester to record data from sensors, which are usually

placed in construction area [3].

As the need for wireless communication in aircraft increases, emphasis on robustness, security,

availability, and maintainability of wireless systems will also increase. In order to consider

the wireless communication in the aircraft several major issues must be addressed such as

certification of the new technology and especially in the case of wireless LANs electromagnetic

interference concerns. Prior to considering how to build robust and secure wireless networks,

it is important to understand how well wireless networks operate in a jet engine. Wireless

transmission through metal in a jet engine is one of the challenges. Also, providing power to

transmit data needs to be calculated based on the duty cycle of the sensors.

Transmitting power without wires can be beneficial for powering an array of wireless sen-
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sors. The currently available wireless power transfer techniques can generally be classified

into radiative and nonradiative modes. In radiative modes, radio-frequency transmission uses

antennas to transmit power. The radio frequency transmission requires some electronics that

operate only at low temperature. Nonradiative modes use inductively coupled transformers that

can operate in high temperature, but only work in close-range across a small gap. However a

wireless power transfer technology, commonly called wireless electricity [4, 5], has recently

been demonstrated as reliable. This technique is based on nonradiative strongly coupled mag-

netic resonance in the mid-range, defined as several times the resonator size. In reference [4],

two identical coils were exploited as wireless electric resonators, a 60 watt bulb was fully illu-

minated wirelessly seven feet away from the power source with a power transfer efficiency of

40%. Using self-resonant coils in a strongly coupled regime, they showed experimentally an

efficient nonradiative power transfer over distances up to 8 times the radius of the coils. This

system also works well even when the line-of-sight between the two resonators was blocked

by a nonresonant object, yet was almost non-respondent to nonresonant objects. Despite sig-

nificant developments, current approaches are still limited to the mid-range transfer [6]. For

small coils in particular, solid obstacles restrict power transmission.

Inductively coupled coils and the Electromagnetic Acoustic Transducer (EMAT) are used in lit-

erature to transfer data through a metallic wall. However, in these methods permanent magnets

are used [7]. An alternative technique is piezoelectric wedge transducer. Based on the posi-

tion of the piezoelectric, different type of waves can be generated, which can travel through

a metallic wall. The main benefit of acoustic power transfer with piezoelectric transducers is

that piezoelectric wedges are suitable for use with a much wider range of materials in high

temperature compare to EMATs. Disadvantages include attenuation, the coupling dependence

and implementation in the bearing. Reverberation can add complexity to data processing.

In this paper, an overview on energy harvesting from sources available in the jet engine is

presented, which also discusses how different transduction methods convert ambient energy

into electrical energy. As the aircraft engine experiences temperature changes, for example

during take-off and landing, energy harvesting from waste heat can be considered. A Ther-

moelectric Generator (TEG), which converts heat energy to electrical energy, is proposed for

the development of the smart bearing in Sections 3 and 4. This energy harvester is required

to fulfil several criteria including: (1) The avoidance of devices that generate magnetic fields

that could potentially trap metallic debris around the bearing. (2) Ability to operate at high

temperature (>250◦C), and in dirty and encapsulated environments. Hence certain traditional

energy sources such as sunlight and radio frequencies are not investigated. (3) Robustness at

high temperature when it is mounted in an environment containing a mixture of air and hot

oil, (4) Limited size of the TEG, which depends on the assembly location and (5) sufficient

power density to power sensors and necessary electronic devices. Several TEG designs are

described in the literature to power sensors in aircraft pylons [8], the aircraft hull [9], and in
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aircraft bearing [10]. In this paper, we introduce a TEG which can provide power to store data

from sensors (e.g accelerometers and thermocouples) in the smart bearing for an Ultra High

Propulsion Efficiency (UHPE) ground test demonstrator. Experimental results are shown to

demonstrate the performance of a commercial TEG (see Section 5).

2. Vibration energy harvesting

The choice of a suitable energy harvesting method and harvester design is very important.

Maximum volume or weight of an energy harvester is usually a limiting factor. Therefore the

design of the energy harvester system has to be optimized to maximal efficiency and required

power. The conversion mechanisms that have been widely reported in the literature for con-

verting mechanical energy to electrical energy are the piezoelectric and electromagnetic [11–

13].

Piezoelectric materials change with the direction of forces and orientation of the polarisation

and electrodes [14]. The piezoelectric effect exists in two forms: the direct and the converse

effects. The direct effect describes the ability of the material to transform mechanical strain

into electrical charge, whereas the converse effect converts an applied electrical potential into

mechanical strain energy. Piezoelectric materials have been used widely in energy harvesting

as they are relatively simple to implement, however they also have high output impedance,

which makes it difficult to couple with electronics efficiently. The piezoelectric transduction

efficiency is limited by the material of the piezoelectric element; this affects the optimal power

that can be harvested and limits the maximum operating temperature. Piezoelectric energy

harvesters have a low average lifetime of less than a year and they highly sensitive to the

vibration frequency of the source as the efficiency drops dramatically when the source vibration

frequency does not match the harvester frequency, hence piezoelectric materials are not suitable

for the smart bearing design.

Electromagnetic induction is based on Faraday’s Law, which dictates that an electrical current

will be induced on a closed circuit when the magnetic flux through a surface bonded by the

conductor changes [15]. In electromagnetic energy harvesters, permanent magnets are used

to produce strong magnetic fields, and metallic coils are used as conductors. The electrical

energy is generated by either the relative movement of the magnet with the coil, or because of

a change in the magnetic field. In the former case, the relative motion between the coil and the

magnetic field causes a current to flow in the coil. The voltage induced to the coil, known as

electromotive force (EMF), is proportional to the strength of the magnetic field, the velocity

of relative motion, and the number of turns in the coil [16]. The output power generated by

the electromagnetic transducer is affected by design factors. The size, material properties,

and geometric configuration of the magnet and the coil changes the output power. A strong
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permanent magnet is present and the efficiency of the harvester is highly sensitive to vibration

frequency of the source. Owing to the demagnetization of magnets at high temperature and the

restriction of using magnets in bearings, this technique cannot be implemented.

3. Thermal energy harvesting

A Thermoelectric generator converts heat energy to electrical energy through a phenomenon

called the Seebeck effect [17]. In TEG when the connected junctions of two dissimilar mate-

rials (n-type and p-type) have a temperature difference, an electrical current is generated [18].

An electrical circuit for a unit couple of a TEG is shown in Figure 2. The TEG efficiency de-

pends on the thermoelectric figure of meritZT of its material components, which is a function

of the Seebeck coefficientS, electrical resistivityρ, thermal conductivityκ, and absolute tem-

peratureT . The most widely used commercial thermoelectric material is bulkBi2Te3, which

hasZT = S2T
ρκ

≈ 1 [19]. TEGs have higher efficiency when temperature difference between

the cold and hot side is greater [18]. A thermoelectric generator is an ohmic device. For best

performance it is important to use an ohmic load with an electrical resistance that matches the

resistance of the generator. The output power of the system depends on the ratio of the electri-

cal resistance of the generator and the load. The electrical resistance of the generator depends

on the temperatures of the hot and the cold side.

Hot

Cold Cold
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p n

+ -

Q

Q

h

c

LnLp

Heat source
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Heatsink

p        n         p        n

Cold surface

                          (a)                                                                                 (b)

Figure 2: (a) An electrical circuit for a unit couple of a thermoelectric generator. (b) The

thermoelectric generator between the heatsink and a hot surface.

For a thermoelectric generator, the magnitudes of the heat input and output are presented with

Equations 1 and 2 as follows [20]

Qh = SThI −
1

2
I2R+K(Th − Tc), (1)
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Qc = STcI −
1

2
I2R+K(Th − Tc), (2)

whereQh is the thermal input from an outside heat source,Qc is the thermal output to the cold

source,Th andTc are the temperatures of the hot and cold sides,I is the current generated in

the TEG,S is Seebeck coefficient,

S = Sp − Sn, (3)

internal resistanceR is [20]

R =
ρpLp

Ap

+
ρnLn

An

, (4)

andK is [20]

K =
κpLp

Ap

+
κnLn

An

, (5)

whereA is the cross section area andL is the length of the leg couples as shown in Figure 2.

Superscript n and p refers to n-type and p-type materials. By applying the first law of thermo-

dynamics, the electric powerW generated from the thermocouple is

W = Qh −Qc = SI(Th − Tc)− I2R = I2RL (6)

whereRL is the load resistance andR is the internal resistance of the TEG. Moreover, based

on Ohm’s Law, the voltage across the load is

V = IRL = S(Th − Tc)− IR. (7)

Therefore, currentI is equal to

I =
S(Th − Tc)

RL +R
. (8)

The open circuit voltageVoc across the TEG can be calculated from

Voc = S(Th − Tc). (9)

The analyses presented so far represent the concepts of the thermoelectric generator of one

thermocouple where multiple couples are being used in many of the TEG applications. In

order to obtain the thermoelectric parameters for multiple leg couples (Figure 2), the unit

couple parameters need to be multiplied by the number of leg couples,N , as follows

ẆN = NẆ , (Q̇h)N = NQ̇h, (Q̇c)N = NQ̇c, RN = NR, KN = NK, VN = NV,

(Voc)N = NVoc, (RL)N = NRL, IN = I.

(10)

4. TEG experimental set-up

A thermoelectric module (type HZ-2 from Hi-Z) was assembled on a plate and a heatsink

(from Alpha Novatech) was placed on the cold side of the TEG. Two k-type thermocouples and
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MAX31855 cold-junction compensated thermocouple-to-digital converters were connected to

the microcontroller in order to read the temperature of the hot and cold side of the TEG. The

schematic of the experimental set-up is shown in Figure 3. A microcontroller (MSP432 series

from Texas Instruments) was used to record the temperature data and open circuit voltage of

the TEG. In this study the TEG is employed for an environment with time-varying temperature

differences, therefore it is important to adjust the electrical operating point in order to maxi-

mize the harvested power. Maximum Power Point Tracking (MPPT) is considered in order to

maximize the power extracted from TEG. A low power boost converter with battery manage-

ment (type bq25504 from Texas Instruments) was selected. This MPPT circuit obtains a new

reference voltage every 16 s by periodically disabling the charger for 256 ms and sampling

half the TEG’s open-circuit voltage (Voc). This was implemented to convert the variable low

voltage input from the TEG to a constant voltage level of3.3V. The energy is stored in a coin

type rechargeable battery (battery charge is3.4V ± 0.15V).

Thermocouple

Battery

Power

 Management IC

bq25504

VOUT

VIN

VBAT

MAX31855 MSP432

Microcontroller

TM

Hot plate

Thermoelectric generator

 and a heatsink

Ambient air input

Figure 3: Schematic of the thermoelectric generator and powered sensor system.

5. Experimental results and discussion

The TEG with a heatsink on top was placed on a hot plate (Figure 3). The temperature of the hot

plate was set to three different values at three stages. The room temperature was 24.7◦C. The

temperatures of the cylindrical plate (hot side) and heatsink (cold side) were measured every

10 seconds with the microcontroller. The voltage was measured across the TEG connection.

Figure 4 shows the measured temperature results from this experiment. After 100 seconds,

the hot plate was heated to 100◦C and the tempearture of the hot plate was increased by 50◦C

twice after a further3400 and6650 seconds. At 10000 seconds the hot plate was turned off

and the temperature of both sides were reduced to room temperature.
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Figure 4: Measured temperatures from the hot side (Th) and cold side (Tc) of the TEG and their

differences (∆T). The vertical dashed lines indicate where the hot plate temperature settings

were adjusted. The measured data was recorded every 10 seconds.

Figure 5 demonstrates the open circuit voltage across the TEG is increased as the temperature

difference was changed. The open circuit voltage was calculated from Equation 9 based on the

Seebeck values provided from the HZ-2 TEG at different measured temperatures. In Figure 6

voltage at the discharged battery was increased to its maximum voltage when the temperature

difference reached to 25◦C and the open circuit voltage was equal to0.3V.
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Figure 5: Measured and calculated open-circuit voltage of the TEG. The vertical dashed lines

indicate where the hot plate temperature settings were adjusted.
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Figure 6: Measured voltage at the battery. The vertical dashed lines indicate where the hot

plate temperature settings were adjusted.

The TEG introduced here can be used to provide power to record data with the low power

microcontroller from accelerometers and temperature sensors. The efficiency of this system

depends on the duty cycle of the data recording. For example, consider an accelerometer

which is active for 1 minute and that requires 6000 mW power. If this sensor is active for 1

second every 10 minutes then the power consumed by the sensor is 10 mW. For every data

transfer from the thermocouples and recording data by the microcontroller≈ 10 mW at 3V

was consumed. This was measured with a DC power analyser (model N6705 from Agilent

Technologies).

6. Conclusions

The test and verification of the harvester is an important step in the development process of a

smart bearing system with wireless sensors. It was demonstrated that sensors and the microcon-

troller can be powered by Thermoelectric Generators (TEG) due to very high thermal gradient

available in the bearing system. This paper presented the open-circuit voltage measurement of

a TEG at different temperatures. The low-power and low-cost microcontroller were used to

demonstrate power consumption for recording the open-circuit voltage every 10s. Future work

will focus on comparing different cooling mechanism for increasing the open-circuit voltage

across the TEG, and on controlling the MPPT with the microcontroller in order to increase the

efficiency of the energy conversion and altering the duty cycles.
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