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Design of Power Conditioning Circuit for
Thermal Energy Harvester in Powering a
Wireless Sensor Node
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Abstract: Wireless Sensor Network (WSN) comprises of huge
quantity of miniature sensor nodes (SNs) with certain limitation
of computer resources which capable for sensing, gathering, data
processing and wireless communication. Since most of the SNs
are powered by traditional batteries, it can be inconvenient due to
their limited lifespan. In this paper, a thermoelectric generator
(TEG) is used as thermal energy harvester with the intention to
extend the SN lifespan. Since the output voltage generated by this
TEG is insufficient to power up the node, a DC-DC step-up
converter circuit based on MAX757 integrated circuit is designed
to step up the output voltage produced from TEG up to 3V. The SN
required an average power which is about 25mW in the active
mode and 60uW when it is in sleeping mode. This node can
transmit data whenever there is at least a temperature gradient of
15 T between the hot and cold surface of TEG.

Keywords: DC-DC step up converter, Thermoelectric
generator, Thermal energy harvesting, Wireless Sensor Network
(WSN).

I. INTRODUCTION

In this modern day, most of the electronic devices and

systems included wireless sensor nodes are powered by
electrical power source such as battery. In wireless sensor
network, these sensor nodes work together to gather, process
and communicate with each other by using transceiver. The
number of motes in a wireless sensor network capable to be
hundreds or even thousands. However, battery’s life span is
short termed. When the batteries deplete, they need to be
replaced over certain period.

In Wireless Sensor Network (WSN), the use of battery as
energy source for the sensor nodes can be bothersome due to
their restricted lifespans. In remote area, people unable to
access the places hence battery replacement is impossible,
especially for hazardous environment. Batteries are
experiencing current leakages which result in draining of
batteries even though these batteries are not in used which
make periodic replacements unavoidable. Thus, it may result
in high maintenance cost. In this study, energy harvesting
technique is implemented to power up the wireless sensor
network, a system builds from lots number of wireless sensor
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nodes.

Energy harvesting also knowns as energy searching
technique which allows electronics to be power up where
there is non-direct incoming power supply. It removes the
wire in electronic power system, and eventually abolish and
eliminate the replacement of batteries. Energy harvesting is
one of the techniques of collecting the waste energy (heat,
kinetic, mechanical, light etc.) as the energy becomes
available and converting it to useful form of energy that could
power up the circuitry. This “free energy” can get from
various of sources include solar or light energy could captured
by a piezoelectric elements (PZT) and thermal energy could
capture by using a thermoelectric generator (TEG).

Il. THERMAL ENERGY HARVESTING

An evolving technique that capable to overcome the
restriction of battery is environmental energy harvesting. This
is one of the methods of mining power from surrounding and
altering it to form usable electrical energy or refer as energy
harvesting [1]. In this project, thermoelectric generator, TEG
is used as the primary energy harvester that used to upsurge
the life cycle and competency of sensor nodes by enhancing
the battery usage. Since TEG has very low efficiency which is
about 5-7% only, it is not very popular and widely used by
researcher [2]. Thus, a poer conditioning circuit is required to
boost up the output voltage produced by TE [3-5].

Thermoelectric generators are devices could capture the
heat energy from surrounding and alter it to the electrical
energy by using a phenomenon named “Seebeck Effect”. In
1821, Thomas Johann Seebeck found out that thermal
gradient can be produced between two metals once the heat is
given to one side of the metal and cold side is applied to
another side of the metals. The electric current can be
generated once there is a temperature difference between the
TEG. In other words, temperature difference brings the heat
flow and the charge carriers diffuse from hot side to cold side
of the metals. Since there is a flow of charge carriers from the
hot region to the cold region of TEG, a voltage difference can
be produced. The electrons or charge carriers transfer heat in
two ways which are by disseminating heat through collision
with other electrons and transferring internal kinetic energy
during transport.
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Thermoelectric effect can be known as Seebeck effect, is
one of the phenomena involves changing between the
electrical energy and heat which is irrevocable. This
revocable phenomenon of the Seebeck effect principally
occurs at different conductors of junction Besides, limited
temperature gradient is existing all over the area of
conductors. In overall, Seebeck effect is defined from the
formation of an electromotive field.

Eoms = —SAT (1)

where:

S is Seebeck coefficient, and AT is temperature gradient
which is TH-TC

The power generated by TEG can be calculated by using
the formula [6]:

Poyr = Iopr™ X Ryggq (2)
where:
Pourt is power produced by TEG,
lout is current produced by TEG,
and R q,q is load resistance that applied

If a heat source is provided, the thermoelectric device may
function as a power generator, as in the Fig. 1. The heat source
will drive electrons in the n-type element toward the cooler
region, thus creating a current through the circuit. Holes in the
p-type element will then flow in the direction of the current.
The current can then be used to power a load, thus converting
the thermal energy into electrical energy [7].

N| P

Fig. 1. Diffusion of charge carrier. [7]

Recently, several inventions of the use of thermal energy
scavenging technology blooming faster. More researches are
moving towards this area or field as there are some successful
industrial applications are deploying these technique and
promising alternative to batteries for a sustainable system.
Seiko TE wristwatch was the first invention or product ever
that deployed thermal energy harvesting (TEH) by using a TE
module with leg dimensions of 80um x 80um x 600um as a
power source in this watch [8]. By using this TE generator, the
proposed wristwatch can operate by converting the heat
produce by a person’s wrist into electrical energy. This
module is estimated to generate about 20mV at a temperature
difference of 1K. In the other hand, Ibragimov et al. [9] move
a step ahead where they able to develop a TEG which is
directly embedded in aluminum which can generate up to
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500uW of external electric power when the temperature
gradient, AT is balanced at 138°C. Then, Aneta at el. [10]
present a thermal energy harvesting wireless sensor node in
aluminum core PCB technology. In his paper, the presented
system is compact and mechanically rigid structure with two
aluminium PCBs that performs as heat accumulator and
spreader. This system succeeded to generate a total of
harvested power 2mW.

Dalola et al. [11] introduced a self-powered sensor system
by utilizing thermoelectric energy harvesting technique to
generate the heat gradient via hot walled in pipes and a low
power temperature sensor to measure the temperature of
pipes. This system required at least 8.5°C of temperature
gradient to run properly. Besides, this system required 0.9mW
of power with a current consumption of about 0.4mA.
Another application of TEH was presented in [12], where Ali
et al. make use of heat gradient generated from low-level
source to power up the WSN node. The system that proposed
in this paper utilizes two Peltier elements TEC which
connected in series to help in increasing the collected voltage
up to 2.0V. The WSN node is designed and required about
50mW output power for the system to operate. This node can
operate when there is at least temperature gradient of 30°C.
However, when the TEC is cascaded, the system will become
less efficient.

The motivation of this paper is to promote green
technology since it is environmentally friendly for sustainable
development. It reuses most of the wasted energy and convert
this waste energy into usable electrical energy which can
power up some low power electronic devices. Besides, this
system will be easy to install in any system for example
industry machine, car engine, home appliance and other
application.

111, EXPERIMENT SET UP

In order to power up a WSN node with thermal energy
harvesting, there are three main factors that should be
considered. First is how much energy can be collected by
TEG which based on the temperature gradient between the
hot and cold sides of TEG; second is how capably the energy
can be controlled to the required operating voltage of the
circuitry and the third how much the energy consumption of
the wireless sensor node.

[ Wireless Sensor ]

_____ ﬁ._____.
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Fig. 2 shows an illustration of thermal energy harvesting
system for a wireless sensor. One surface of TEG is applied
heat by placing the heater which acts as hot side and placing
the heat sink on the other side of TEG which act as cold side
so that it achieves the temperature gradient between TEG. In
other words, the TEG is sandwiched between a heat sink and a
resistance heater as shown in Fig. 3.

Heat Sink

:"Iﬁ"ﬁ"ﬁ"ﬂ' "'LTI‘E

Fig. 3. Assembly set-up of TEG.

ATEC, TEC1-12706 with sizes of 40mm x 40mm x 3.8mm
is chosen and functioned as a generator. The resistance heater
is designed based on the size of the TEG used in this project to
optimize the heat transfer from the heater to the TEG’s
surface. In addition, thermo-paste is applied to the gaps
between the heater and TEG so that it can reduce or minimize
the heat loss to surrounding.

The resistance heater is then connected to a power supply
to regulate the thermal gradient. This resistance heater is
functioned as a heating element as it converts the electric
energy form the power supply into heat. In the other hand, a
heat sink is used with the intention to dissipate the heat from
TEG cold surface and to optimize the thermal gradient
created across TEG. As the temperature gradient increase,
more harvested voltage can be produced. Thermocouple is
used to measure the temperature gradient created between the
hot and cold side of TEG. Before a boost converter circuit is
designed, TEG characterization is done first to evaluate the
output voltage from the. By doing so, a DC-DC boost
converter circuit can be constructed based on the output
voltage from the TEG. Fig. 4 shows the experiment set up of
the TEG characterization.

Fig. 4. Experimental set up.

Since the output voltage produced by TEG is too small and
it is insufficient to power up the sensor node, a DC-DC boost
converter circuit is designed. The output voltage of this
DC-DC bhoost converter circuit was calculated by the
equation:
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(Ry+A]
Vour = Vref [ 1_:; : ] 2

These R1 and R2 forms a voltage divider between the
output and the FB pin with VREF=1.25V. The large values
for R1 and R2 were chosen from 10kQ to 200k because the
input bias current at FB has a maximum value as large as
100nA. To simply the resistor selection:

A i

V‘r!f

R, =(20k0) [(%) - 1]

* R, = 28k0

Therefore, if we set R2 is 20kQ, R1 will be equal to 28kQ.
Since the resistor only available for 27kQ and 30kQ, 30kQ is
chosen because the resistance value is greater than 28kQ.
Since the chosen R1 does not exact the same as the calculated
result, the expected VOUT can be obtained from the DC-DC
converter circuit will equal to 3.125V. In this circuit,
MAXT757 is an integrated circuit that can operates down to
0.7V supply voltage and produces a higher adjustable output
voltage in the range from 2.7V to 5.5V. In addition, there are
some passive components are also needed for this MAX757
to operate properly.

In this circuit, 22uH inductor was chosen as it has
saturation current rating same to or larger than the peak switch
current limit which is 1.2A. A Schottky diode,
NSR0320MW?2T1 was chosen as it has lower forward voltage
and higher current. A 100uF capacitor was chosen because it
can provide 50mV output ripple. A smaller capacitor down to
10uF is used for light loads and can tolerate higher output
ripple. Fig. 5 shows the circuit diagram and circuit
construction of boost converter circuit by using an 1C named
MAX757.

Vv
J; o u
T 150uF i 22uH
- NSROZZ0MW2ITI
D1
MAX7S7 Vo
—8i ;:\ ——
o 0 | oa
SHDN  FB |— 30k '|- 100uF
GND R2 ‘-L
1l e 20602
-|- 0.1pF
- - -+

Fig. 5. Circuit diagram.

When the DC-DC converter circuit is completely done, it is
integrated with the sensor node. Once the sensor node blinks,
it shows that the sensor node has been powered up and turned
on. The data received by the sensor node will send to the
gateway.
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IV. RESULT AND DISCUSSION

In the beginning, there are two different model of TEGs
were compared which are Laird xc31 (TEG1) and
TEC1-12706 (TEG2). Both TEGs were characterized to
evaluate the range of the output voltage can produced by
TEGs when different temperature gradient was created across
the TEGs.

VOUT/V

1 r‘.__.__‘—_.___.———*"
0 10 20 30 40 50
AT/"c

—@— VOUTTEGT) VOUT[TEG2)

Fig. 6. Output voltage of TEG versus temperature gradient.

Fig. 6 shows that output voltage from both TEGs are
directly proportional to the temperature gradient. Besides
that, the graphs of the output voltage from both TEG are
increasing linearly. At AT equal to 15°C, the output voltage
that generated by TEG 1 is 0.449V whereas the output voltage
that generated by TEG 2 is 1.285V. Based on these two data,
it proves that the output voltage generated by TEG 2 is
doubled the output voltage generated by TEG 1.
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Fig. 7. Output power of TEG.

Figure 7 shows that maximum output produced by TEG is
29.48mW when R =10Q. It clearly shows that the input
power of the boost converter gives the largest when the
impedance matching is achieved. Therefore, we expected
that, the input power of this boost converter is 29.48mW when
the temperature gradient between TEG is 15°C. When the
average harvest power surpasses the conversion losses and
average sensor node power, the system can function
autonomously with an unlimited lifetime.

Then, the input of step-up converter was connected to TEG
and the output of DC-DC boost converter was connected to a
voltmeter in parallel to measure the output voltage produced
by TEG.
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Fig. 8: DC-DC step up graph.

Figure 8 shows the relationship the output voltage
produced by TEG and the boost converter circuit with
different temperature gradient, AT which is created between
the TEG. This graph also shows the comparison between the
voltage before and after being boost up by the DC-DC
converter circuit at different AT. Both output voltages are
proportional to the temperature gradient created across TEC.
The graph of output voltage harvested from TEG is increasing
linearly. At the beginning, the output voltage of TEG is
almost the same with the output voltage generated by the
boost converter. However, the graph of output voltage
produced by the circuit increased sharply and then maintained
at saturation point.

At 5°C, the input voltage of the circuit did not step up by the
boost converter and almost the same as the output voltage of
TEG. This is because the minimum required operating
voltage for the circuit is 0.7V. The output voltage produced
by TEG at 5°C of AT was about 0.4V which is lower than the
minimum requirement operating voltage for the circuit. Once
the output voltage produced by TEG reached more than 0.7V,
the circuit was activated and started to step up the voltage
supplied from TEG. At 10°C of AT, the output voltage of
circuit increased from 0.961V to 2.378V. The sudden rise can
be observed in the output voltage reading of the circuit when
temperature difference keeps increasing until 15°C but the
voltage seems to saturate in the range from 3.125V to 3.143V.
This is due to the integrated circuit (IC) deployed in this
power conditioning circuit gives adjustable output. Since the
voltage divider is connected to its Feedback pin (FB pin), it
provides slightly above 3V output.

By comparing the result with [13], TEC1-12706 is also
used in this paper, however, the proposed DC-DC power
conditioning circuit was able to boost the output voltage
produced by TEG to 3V when the temperature gradient is
around 50°c. Therefore, more temperature gradient is needed
by the TEG to make the circuit to turn on the electronic
devices.
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Fig. 9. Sensor data collection.
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Fig. 10. Sensor node action versus temperature gradient

applied on TEG.

Fig. 9 shows the wireless sensor node was operating once
the output voltage of TEG reached to 3V. When the output
voltage of TEG is lower than 2.3v, the wireless sensor node
will turn OFF. The sensor readings from the sensor node were
collected by the base station and showed in the PC. Fig. 10
shows the relationship between sensor node action and the
temperature gradient across TEG. When the temperature
gradient between TEG is greater than 15 °C, the sensor node
will turn ON. Besides, the sensor node will turn OFF when the
temperature between TEG is lower than 15 °C.

V. CONCLUSION

In this paper, a self-generated wireless sensor node is
successfully developed. The suitable TEG was chosen and
characterized, then the results were plotted in graph. After
that, output voltage of TEG was boosted up by using DC to
DC converter. Therefore, the efficiency of the proposed
system is around 80%. The sensor node was turned ON when
the output voltage of boost converter reaches 3V at 15°C of
temperature gradient across the TEG.
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