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Abstract. Temperatures are effective indicators of the health of many ma-
chines such as the wind turbine gearboxes, bearings, engines, etc. This paper pre-
sents a novel wireless temperature sensor node powered by a thermal harvester
for monitoring the status of gearboxes. A thermoelectric generator module (TEG)
is optimized to harvest the electrical power from a heat source such as the gear-
box undergoing such monitoring. The power generation from this method is ob-
tained based on temperature gradients emanated by sandwiching the TEG be-
tween the two aluminum plates. One plate is exposed to the heat source and has
the role of a heat collector, whereas the other plate, mounted with a low profile
heat-sink, acts as a heat spreader. The harvested power is then used to power a
wireless temperature node for condition monitoring, resulting in a powerless and
wireless monitoring system.

To evaluate the system, an industrial gearbox is monitored by the designed
temperature node. The node is fabricated using a TEG module; an LTC3108 DC-
DC converter for boosting the voltage, a super-capacitor for energy storage and
a CC2650 sensor tag for measuring the temperature of the gearbox. The temper-
ature data is transferred via the Bluetooth Low Energy and then monitored using
portable monitoring devices, such as a mobile phones. The results obtained show
the system can provide a continuous monitoring of the temperature information.

Keywords: energy harvesting; wireless sensor networks; condition monitor-
ing; temperature; thermoelectric generator.

1 Introduction

With the increasing complicity of industrial machines, the maintenance cost has been
growing quickly as well. Thus, there is an urgent need on reducing the maintenance
cost. Temperature monitoring is one of the most commonly and extremely known mon-
itoring techniques used in the industry machines. It provides useful monitoring infor-
mation about the condition of the components in the machines. The gearbox is an im-
portant component in many industrial machines. The maintenance cost for the gearbox
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is high, like the other higher failure rate components such as electric system and hy-
draulic system. As the rotating speed and load of different stages of gearbox change
from time to time, this brings great challenges to the condition monitoring of gearbox
[1, 2, 3]. Cost performance is another factor that should be taken in to account in gear-
box condition monitoring[4].

Temperature is an important health indicator for many industrial machines, includ-
ing the gearbox. An unexpected temperature arise in one component may indicate poor
lubrication, overload and or possibly ineffective passive or active cooling [4, 5], which
are considered to be a major root cause for gearbox fatigue, driving gearbox failure
modes and affecting gearbox life. On the other hand, the normal operation of the ma-
chine also causes its body temperature usually higher than its ambient environment.
This small amount energy can be harvested using thermoelectric generators (TEG),
which can convert temperature difference into electricity using a so called Seebeck ef-
fect [6-9]. Many applications have been used with TEGs such as structural health mon-
itoring applications [10,11].

In recent years, wireless sensor network (WSN) has gained great attention in the
condition monitoring field due to its inherent advantages, such as low cost and easy
installation. Although the WSN has removed the long communication cables of the
measurement system, the wireless sensor node still needs dedicated power line or reg-
ular charging - replacing batteries [9, 12]. Harvesting energy from the exhaust heat on
the machines can be an ideal solution for providing power to the WSN node.

. Many kinds of wireless transmission technology have already been used such as
ZigBee, Bluetooth and ANT. Bluetooth V4.0 is the most recent version of Bluetooth
wireless technology. Bluetooth Low Energy (BLE) has been designed as a low power
solution for control and monitoring applications [13]. It is particularly suitable for those
devices that need transfer small quantity of data and within relatively short range such
as medical instruments, health management device and remote controller. BLE tech-
nology can remove the inconvenience of wired transmission and eliminate the disad-
vantage that high power consumption of ordinary wireless transmission. In addition,
more and more smartphones gain support for Bluetooth low energy, the possibilities of
using the technology for new types of applications increase. In addition, WSN node
appropriated for using in ultra-low power consumption and energy harvesting support
has been developed for the purposes of environmental monitoring [12].

2 Theory of Thermal Energy Harvesting

Thermal energy harvesting (TEH) is the process of converting thermal energy to
electrical energy by using a thermoelectric generator (TEG) made of thermocouples.
Thermoelectric generators (TEGS) are a device that converts thermal energy directly
into electrical energy. TEGs are solid state devices which mean that they have no mov-
ing parts during their operations. Together they produce no noise and involve no harm-
ful agents and therefore are the most widely adopted devices for waste heat recovery.
The thermal energy harvesting is based on the Seebeck effect of thermoelectric device
which shows that an electrical current is present in a series circuit of two dissimilar
metals provided the junctions of the two metals are at different temperature, because



the metals responded differently to the temperature difference creating current loop and
a magnetic field.

Thermoelectric devices are comprised of a number of semiconductor elements of
both N-type and P-type which are connected electrically in series and thermally in par-
allel as shown Fig.1. When heat flows through the cell the N-type components are
loaded negatively (excess of electrons) and P-type components are loaded positively
(default electron) resulting in the formation of electric flow. In addition, if heat is flow-
ing between the top and bottom of the thermoelectric device (forming a temperature
gradient) a voltage will be produced and thus an electric current will flow. Conversely
when a voltage is applied to it, it can move heat from one side to other side. This is
called Peltier effect. Thermoelectric devices are comprised of a number of semiconduc-
tor elements of both N-type and P-type which are connected electrically in series and
thermally in parallel.
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Fig. 2. (a) Block diagram of the autonomous sensor node and (b) Structure of the thermal de-
sign.

There are three steps in determining the design of a thermal energy harvesting for
wireless sensor node as shown in Fig.2-(a), that include the following:



3.1 Thermal energy harvesting generator

The basic construction of the thermal energy harvesting generator is shown in Fig.
2(b), which consists of a TEG, thermal material, and two pieces of thin aluminum plates
have been chosen, one piece to work as a heat collector for hot side, whereas another
one acts as a heat spreader for cold side. This is due to the large thermal conductivity
of aluminum. The TEG is located between the thin aluminum plate and heat sink
through the use of high efficiency grease and a thermal insulating material (thermal
heat sink transfer double side adhesive). The choice of a good TE module usually plays
the most important part in the design of a successful TE generator. The temperature
difference between hot side and cold of the Peltier module determines the value of the
power output of the TEG.

3.2 Voltage Booster Design

Block diagram of the autonomous sensor node for measuring the temperature of
gearbox is shown in Fig. 1-(a). The power supplied by the thermoelectric generator is
boosted by a DC-DC converter and power management circuit to charge a super-capac-
itor. The thermoelectric generator (TEG) has been employed as the energy harvesting
source to power up the wireless sensor node for condition monitoring. This is provides
ultra-low power consumption, low cost, miniature design and low cost maintenance and
energy harvesting support. The measured data are transmitted by Bluetooth Low En-
ergy from the sensor Tag to mobile phone.
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Fig. 3. a) Basic schematic diagram of the autonomous sensor Tag and (b) sensor tag CC2650K

A basic schematic diagram of the Sensor Tag is shown Fig. 3-(a). The DC-DC boost
converter was designed for boosting the voltage from a thermoelectric generator with
temperature difference [15]. The circuit LTC3108 is introduced as DC-DC boost con-
verter is set to provide regulate V = 3.3V supply to the Sensor Tag. The LTC3108 can
boost input voltage ranging from 20mV to 400mV and generates a higher output volt-
age ranging from 2.35V to 5V. Simple in design and low in cost, the circuit can boost
the small voltage from the TEG in a convenient way. For this design (B;,T,.3) based,
TEG CP85438 [16] was been chosen as the TE module. It is chosen due to its low cost,
small size and acceptable values of thermal conductance and power factor.



To maintain a high temperature difference, a good heat sink is employed to increase
the heat dissipation from the cold side to the air and thermal insulation material is added
surrounding the Peltier module to reduce the heat transmission through the air. The
module is designed to be placed on the heat source by its hot side, whereas on its cold
side a heat sink is placed to the ambient air.

3.3  WSN node

The new Sensor Tag is based on the CC2650 wireless MCU, offering 75% lower
power consumption than previous Bluetooth Smart products. The new sensor tag now
includes 10 low-power MEMS sensor in a red rubber case as shown in Fig. 3-(b). It is
selected on the sensor node because it integrates one processor for data acquisition and
signal processing and also a specific processor for BLE communication [13]. This al-
lows the Sensor Tag to be battery power, and offer years of battery lifetime from a
single coin battery [17]. WSN node described in this paper is designed for use in the
field conditions to monitor industrial parameters. The super-capacitor is considered for
using it as the main power source of WSN node. It is used when there is no energy
harvesting or if it is not sufficient for the continuous node operation. It also accumu-
lates energy for a relative long time and then provides power to the sensor node work
for short period, during which signal is collected and transmitted to the central device.
More details about the analysis and application of super-capacitor in WSN can be found
in [18].

4 Experimental Studies

4.1  Performance Analysis on Gearbox

To evaluate the system, a gearbox is used as heat source by using thermoelectric
generator as a power source to supply the temperature node of low-power circuit, the
test rig as shown in Fig. 4-(b). The gearbox of test rig consists of three main parts as
shown in. 15 kW three phase induction motor, two gearboxes connected back to back
via flexible coupling and DC motor. Therefore, to simulate a variable loads and variable
speed operating conditions of common industrial machine the tests were carried out
based on changing the AC motor speed while a fixed load applied. During the test AC
motor is operated for one hour for each test and the speed is set to 70% and 100% (full
speed) with full load. The test is designed to evaluate the transfer efficiency of the TE
module [19-20].
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Fig. 4. (a)The module TEG attached the gearbox and (b) The test Rig

The result shows the temperatures difference of the gearbox on hot side temperature,
cold side temperature, ambient temperature and open circuit voltage. This is under dif-
ferent speeds 70% (T1) and 100% (T2) (full speed) and full load as shown in Fig. 5-
(a). It can be seen that the test under full speed and full load (T2) has the highest tem-
perature and therefore, produced the highest value of voltage and current. However, the
test under 70% speed (T1) produced lower voltage and current because the temperature
was lower, and the difference temperature of both tests are nearly constant value.
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Fig. 5. Result of the temperature difference of gearbox

4.2  Gearbox Temperature Monitoring Results

The module TEG is characterized by using a gearbox on the test rig as a heat source.
During the test, the module TEG was attached with the gearbox by clam to be fixed
properly on vertical position as shown in Fig. 4-(a), while the room temperature was in
the range 21-25°C. The design is attached into the gearbox with DC-DC and sensor
Tag as shown in Fig. 6-(a).

Then the gearbox run for half hour, and then the input of DC-DC booster converter
connected to the module. As results the output of DC-DC was 3.3V to supply the Sensor
Tag. The super-capacitor (2.2F, 5.5V) starts to charge when the output voltage reaches
regulated 3.3 V and with constantly applied heat source it can be full charged to 5.2V.
Time needed for charging the super-capacitor to reach fully charged is depended by



power provided by the TEG. Therefore, it waited to charge the super-capacitor which
took about three hours to reach about 5.2V and the connected the Sensor Tag. The tem-
perature data which is transferred via the Bluetooth Low Energy and then monitored
using portable monitoring devices, such as a mobile phones.
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Fig. 6. .a) Test system, b) Screenshot of sensor Tag of mobile phone

The sensor tag includes two temperature sensors. One is placed under the sensor tag
attaches the gearbox case directly measures and the other is on the top of the sensor tag
and measures the ambient temperature. Information about the gearbox temperature and
the ambient temperature are sent via BLE to a smart mobile phone for monitoring. Fig.
5 shows a screenshot of sensor Tag software which installed on a mobile phone for this
purpose. It can be seen that the gearbox case which is measured by the IR contactless
temperature sensor is slightly higher than the ambient temperature measured by the
ambient sensor. Where, the gearbox case temperature is 41.8°C while the ambient tem-
perature is 40.7°C.

5 Conclusion

The research to date has demonstrated that it is viable to harvest sufficient thermo
energy of a machine to power up a wireless temperature node that is used to monitor
the health and performance of the machine. Thermoelectric generator (TEG) has been
employed as the energy harvesting source to power up the wireless sensor node for
condition monitoring. It can convert the widely available waste heat from machines to
electrical energy. Bluetooth is employed as the wireless transmission protocol due to
its low power consumption and it’s widely availability on current portable smart phones
and tablets. By using the designed TEG module together with the highly integrated
sensor Tag, the temperature of the gearbox is successfully measured by the sensor Tag
and received on a smart phone without providing external power or battery to the sensor
Tag.
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