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Abstract: Energy harvesting (EH) technique has been proposed as a favorable solution for addressing
the power supply exhaustion in a wireless sensor node and prolong the operating time for a wireless
sensor network. Thermoelectric energy generator (TEG) is a valuable device converting the waste
heat into electricity which can be collected and stored for electronics. In this paper, the thermal energy
from human body is captured and converted to the low electrical energy by means of thermoelectric
energy harvester. The aim of presented work is utilizing the converted electricity to power the
related electronic device and to extend the working life of a sensor node. Considering the related
characteristics of TEG used for human, a type of a novel power management system is designed and
presented to harvest generated electricity. The proposed circuit is developed based on off-the-shelf
commercial chips, LTC3108 and BQ25504. It can accept the lowest input voltage of 20 mV, which is
more suitable for human thermoelectric energy harvesting. Through experiments, developed energy
harvesting system can effectively power the sensor to intermittently transmit the data as well as
perform the converted energy storage. Compared to the independent commercial chips applications
and other microcontroller-based energy harvesting systems, the designed thermoelectric energy
harvester system presents the advantages not only in high energy storage utilization rate but also the
ultra-low input voltage characteristic. Since the heat from human body is harvested, therefore, the
system can possibly be used to power the sensor placed on human body and has practical applications
such as physiological parameter monitoring.

Keywords: thermoelectric generators; wireless sensor node; energy harvesting; power
management system

1. Introduction

As the rapid development of information based technique, the wireless sensor networks (WSNs)
have been widely used to monitor multiple types of objects [1-4]. Conventional sensor node is powered
by a small size lithium cell and limited by the capacity. For some particular cases, the remote or
harming environment results in much inconvenience for replacing the battery. Thus, the limitation
gradually becomes the obstacle of the development of WSNs. Several different technologies have
emerged to address the issue and attempted to extend the working time of the network. The ultra-low
self-energy dissipation integrated circuit technique contributes to decreasing the working power of
the sensor nodes [5]. Moreover, the communication protocols and power management strategies
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between different nodes are also proposed to achieve this aim [6,7]. To coordinate the communication
and transmission of each node, the developed protocol is capable of reducing the number of nodes
wakens up and sampling in case of the specific mission can be guaranteed, thus lowering the power
consumption of the whole network.

The proposed ‘saving” schemes indeed prolong efficiently the working time of the network.
However, it cannot solve the problem fundamentally to realize the permanent work of the sensor
node. The energy harvesting (EH) technique therefore arises as a viable alternative to overcome
the shortcoming of battery based WSNs. The EH can be used to collect power generated from the
energy harvester and drive the electronic equipment. Generally, the energy harvester is able to convert
the different kinds of ambient energy into electrical energy. According to various types of initial
physical energy, the common energy harvesters can be divided into the solar panel, the piezo electric
harvester, the thermoelectric generator (TEG), the biological battery among others. Considering the
characteristics for each energy harvester, the TEG only utilizes the temperature gradient across the
material to generate the electrical energy, which is not subject to other ambient restrictions. As long as
the temperature difference exists, the TEG can be deemed as a continuous and no constraint energy
source providing electricity. Thus, the TEG as an alternative power solution can be adopted to harvest
the heat from human body and possibly drive the sensors placed on and in body used for healthy or
medical application. The scheme eliminates the need of replacing the lithium battery and leads to the
permanent operation for a sensor node if the temperature gradient exists. According to the features of
TEGs, human body surface is considered as a hot source offering the constant temperature close to
35 °C and the environment normally lower than it, so used as cold source. Hence, this temperature
gradient can be captured to generate tiny electrical energy via a TEG. Besides, some researchers
have investigated the portable TEGs applying to human body to harvest the thermal energy, which
contributes to the development of human thermal energy harvesting [8,9].

Normally, the produced electrical energy from TEG is always at lower level and unlikely to allow
the related equipment to operate. So, the power management system (PMS) is proposed to convert the
small amount of electrical energy into higher voltage for electronics using. The PMS helps the generated
energy be transformed from uW to mW to power the electronic load effectively, is of significance to
realize an energy harvester’s application in powering sensor node. Many researchers have investigated
multiple forms in terms of power management circuit constitution. The existing developed power
management schemes can be grouped into three types, namely discrete component-based system,
commercial chip-based and integrated circuit-based system. Discrete component-based system is
made up by a few independent components, such as the switching device (like MOSFET or IGBT)
and a comparator. Besides, the off-the-shelf chips with the function of power management and DC
conversion constitute the commercial chip-based system. This type of system normally has the mature
applied circuit structure, which has less flexibility. The integrated circuit-based system applies the
integrated circuit technology to establish the high integration PMS. The system has low self-power
consumption while the development period is long and of high cost.

For some practical energy harvesters’ application, several researchers have paid close attention on
improving the characteristics of energy harvester or PMS. Dias et al. [10] designed a thermoelectric
energy harvesting system based on LTC3108 chip. On basis of the characteristics of the chip, the
proposed system has relatively low acceptable input voltage, and the harvested electrical energy
can power the sensor node effectively. However, the biggest drawback of this system is the lack of
Maximum Power Point Tracking (MPPT) function, which leads to the lower efficiency of system and
most thermal energy is wasted. This is due to the feature of utilized commercial power management
chip as well as the reason of low conversion efficiency for energy harvesting system based on LTC3108.
Therefore, more and more PMSs begin to take into account the MPPT function to ensure the whole
conversion system have higher efficiency [11]. Ji Hoon Hyun et al. [12] presented an energy harvesting
system with PV used. A portable compact LED lamp as the application object is powered by a power
management circuit with a rechargeable battery. Another type of commercial power management
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chip BQ25504 is utilized to establish this PMS, which is embedded with the function of MPPT. The
experimental results demonstrate that the system is able to power the LED in different time and
location. The solar and light illuminations are both allowed the system working and charging the
battery. Besides the high-performance chip integrating the MPPT function in order to improve the
efficiency, some studies also utilize the micro-controller to process a few algorithms to realize the MPPT.
The basic method is to detect the open circuit voltage from energy harvester, and through adjusting
the equivalent resistance of connected power management circuit to match the internal resistance of
harvester, thus the output power could have maximum value. Montecucco el al. [13] introduced an
approach to measure the open circuit voltage of TEG of a power management circuit. According to
change the equivalent resistance of used DC/DC converter, the TEG can output the maximum power
and thus successfully improving the harvesting efficiency of system. Generally, in order to acquire
the open circuit voltage corresponding current or voltage sensor is required. Following this way,
not only the established system complexity but also the self-power consumption of the PMS will be
increased. In addition, most of schemes detecting the open circuit voltage need disconnecting the
energy harvester to power management circuit within a brief period, which is able to result in no
energy can be harvested within the period. Bond and Park [14] built an experimental platform with
several types of discrete electronic components. They proposed a hysteresis controller-based MPPT
scheme, eliminating the usage of current sensor. The MSP430 micro-controller is used to complete
the controlling functions for the Boost circuit. Thereby, avoiding the problem of TEG disconnection
in the period of open circuit voltage detection. In order to further reduce the system self-power
consumption, Carreon-Bautista et al. [15] designed an impedance matching MPPT scheme based
Boost circuit. Proposed hardware circuit is integrated with CMOS technique to establish an ultra-low
power consumption energy harvesting system. Moreover, the introduced system is compared with
other harvesting schemes and it is proved that the proposed circuit has higher efficiency and lower
self-power consumption.

In addition to the successful application of TEGs with large scale to harvest wasted thermal
energy [16,17], for implementing related energy harvesting system on the human body to power the
wearable electronics, many efforts have been directed to this field. Some of studies evaluated the
TEG’s application on the human body thermal energy harvesting. Thielen et al. [18] divided the
existed TEG module into two classes, i.e., the u“TEG and mTEG. These two types of TEGs with widely
used off-the-shelf power management chips are used to establish different energy harvesting systems
applied to human body to drive the wearable devices. The output characteristics of developed systems
in different environments are compared as well. However, the human body-based energy harvesting
system not only requires that the energy harvester exhibits flexibility and extensibility but also needs the
PMS keep simple structure and small size. Guan et al. [19] used a commercial chip and an independent
harvesting circuit to establish a two-stage thermoelectric energy harvesting system. Via using a low
power consumption microprocessor to achieve system self-starting, maximum power tracking and
other function. The work also compared the efficiency of circuit with the typical commercial chip-based
scheme to demonstrate the superiority of proposed system. Introduced approach can effectively utilize
the heat energy generated by the human body, while the system is complicated, and the developed
hardware circuit has a large size. Whereas, the energy harvesting rate is nearly 65% in this system. The
micro-controller unit (MCU) still consume a large part of converted energy especially when the input
power merely allows the system to transmit data without any extra-power stored.

Thus, as mentioned above, the design of PMS significantly affects the application of EH technology
in practical sensor driving. The conversion efficiency of PMS has once been identified as the main
issue in development of PMS in order to collect more energy [19]. Therefore, it results in plenty
of work beginning to take into account the MPPT algorithms applied in circuit controlling. The
micro-controller and other types of sensors are generally employed for the high-performance MPPT
algorithms implementation. Whereas, one conflict has emerged that the utilized electronic devices
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still account for and consume a large proportion of the total harvested energy although the MPPT has
allowed more power to be converted, and few energies can be used for load.

In order to develop a human body-based energy harvesting system to drive the related electronics,
the next stage of focus should be reducing the size and self-power consumption of power management
circuit and increasing the conversion efficiency of energy harvesting system. Developing a PMS
which has wide input voltage range, lower acceptable input voltage, higher efficiency and small
size will contribute to the development of self-powered wireless sensor system. Thus, a novel PMS
used for human body-based thermal energy harvesting is developed in this paper. The designed
PMS is established based on the commercial chips instead of utilizing the MCU to realize the voltage
improvement and ensures that the harvested energy can be utilized to drive the sensor nodes completely.
The system has the feature of small size and is capable of accepting the input voltage as low as 20 mV,
which is more applicable to the human body-based application.

The paper is organized as follows. Section 2 will introduce the background knowledge of thermal
energy harvesting system. The main design of human body-based PMS is discussed in Section 3.
Moreover, Section 4 will demonstrate the related functions and present the experimental results. Finally,
the conclusion is conducted in Section 5 and the future work is introduced as well in this section.

2. Materials and Methods

In this section, the related knowledge of TEG is briefly recalled, including the operating principle
and the fundamental electrical characteristics.

2.1. Basic Principle of TEG Application

As akind of solid-state devices, the thermoelectric generator utilizes the Seebeck effect to transform
the thermal energy into electricity [20]. Commonly, two different thermal conductivity semiconductors
are used to fabricate the thermocouple and a TEG is composed of multiple thermocouples. The internal
carrier of the materials will move from hot terminal to cold terminal whilst the external temperature
gradient is being applied to the TEG, and thus the free electrons within n-type thermocouples and free
holes within f-type thermocouples enable the electromotive force to be formed [21]. The produced
voltage is proportional to the temperature difference applied to the both sides of the TEG, which is
represented as follows.

Voo = a - ATrgG M

where the alpha is the Seebeck coefficient. The ATTgg is the temperature difference across the TEG
and the V. is the open circuit voltage of TEG. The Seebeck effect reveals the basic principle of
thermo-electrical conversion. Therefore, to obtain the relatively higher level of produced voltage,
adopting the TEG with larger Seebeck coefficient or promoting the temperature gradient across the
material will contribute to the voltage increase.

Generally, the TEG with high electric resistance while has low thermal resistance can be defined
as the mTEG consisting of small number of thermocouples. Nevertheless, the other type namely
UTEG normally has big electric resistance value and small thermal resistance [18]. With advanced
manufacturing technique, the uTEG is fabricated with high density of thermocouples [22]. For
practical application, the mTEG normally generates relatively tiny output voltage and it requires the
post-connected power management circuit to accept low input voltage. For higher produced voltage
level from puTEG, although the output voltage is able to allow much flexibility of PMS, the high internal
electric resistance requests the MPPT function of the circuit to improve the efficiency particularly when
the temperature difference is relatively small.

The human skin and the environment can be recognized as the infinite heat sources. The human
body is able to be applied as the hot source since the temperature of skin is stably close to 37 °C and the
ambient temperature as cold source normally is lower than the human’s. It is worth noting that the hot
side of a TEG is supposed to contact to the human skin and cold side is exposed to air while the heat
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from human body is being harvested [8]. So that, ensuring the human skin’s temperature higher than
ambient is an essential operating condition in this system. When applying the TEG to the human body,
the biggest obstacle for developing the system is the tiny temperature gradient across the equipment,
thus causing the small output voltage level. Additionally, the temperature gradient is difficult to be
maintained due to the heat conduction effect, leading to the generated voltage gradually decreases to
zero. However, Lossec et al. [23] proposed several approaches to enhance the output performance of
the TEG applied to the human body. For example, the heat sink is supposed to be pasted to the cold
side to maintain the temperature difference to guarantee the stable temperature gradient across the
TEG. It is noticeable that the applied heat sink requires matching the thermal resistance of TEG. Besides,
it is necessary to stack several pieces of TEGs to be connected thermally in parallel and electrically in
series to improve the output voltage level. In addition to reform the TEG self, the increase of airflow on
the cold side is able to decrease the thermal resistance and enhance the heat exchange [24]. Therefore,
the output power of TEG is also improved due to the variation of external environment.

2.2. Characteristics of TEG

TEG is capable of converting the thermal energy into electrical energy, so that it can be treated as
a nonlinear power source. It is essential to investigate the relevant electrical characteristics of TEG
to acquire the best performance in application. Although the output characteristic curve of TEG has
nonlinear feature, it is still can be considered as a linear power source in the moment. Figure 1 gives a
common electrical equivalent model of the TEG.

Equivalent resistance

Equivalent model of of power management
TEG circuit
G
Ry
E=o-AT,,; T

Figure 1. The equivalent electrical model of the TEG [23].

From the figure, the TEG can be seen as an ideal power source, i.e., a resistor connecting to a
voltage source. The R represents the sum of thermocouples resistors of a TEG because the internal
thermocouples are connected electrically in series. The connected PMS circuit is considered as an
equivalent resistor R;. Hence, the output power of TEG can be determined in the following way.

2
Pp=—F R, @
(Rg +Rp)

where E is the open circuit voltage of TEG. R, is the equivalent resistance of externally connected
circuit. R¢ is the internal resistance of the TEG. P, is the output power of TEG.

According to Equation (2), the maximum output power is obtained when the connected equivalent
resistor is equal to internal resistance of TEG. At this time, the output voltage from TEG is the half of
the open circuit voltage. Thus, the relevant technique maintaining the external equivalent match the
internal resistance of TEG is called MPPT, which has capability to guarantee the maximum efficiency
of TEG.
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3. Human Body Based Thermal Energy Harvesting System

Basically, the structure of an energy harvesting system for powering the sensor node in a WSN
is composed of the energy harvester, the PMS, the energy storage element and the voltage regulator.
Generally, the produced electricity coming from energy harvester is processed and boosted via the
PMS and subsequently stored in the supercapacitor or rechargeable battery. Depending on different
applications, the voltage regulator sometimes is omitted and the power storage unit directly connects
to the electronic load, as in the design outlined in [25].

3.1. Basic Form of Proposed PMS

As involved previously, the design of PMS significantly affects the comprehensive performance of
entire energy harvesting system and the existing three types of PMS design are not all appropriate
for the human based-energy harvesting scenario to some extent. The discrete component-based
system is flexibly designed and the related high efficiency algorithms for MPPT can be applied as
well. Nevertheless, the applied algorithms normally require the MCU to control the connecting and
disconnecting of switching device to realize the voltage improvement. The MCU and applied switching
circuit generally increase the size of entire system, which is not fit to the human case. Moreover, the
commonly used MCU consumes the harvested energy for algorithm realization as well, which results
that little energy can be stored in the battery or supercapacitor [26]. For commercial chip-based systems,
the characteristics and functions of the integrated chip have been determined before use and the circuit
developed based on commercial chips normally has relatively low conversion efficiency. Nevertheless,
although the small size and functionality can both be guaranteed with integrated circuit technique, the
complicated manufacturing process and expensive cost restrict the experimental tests and application
attempt. This paper mainly utilizes the off-the-shelf chips to establish the circuit of PMS. Analyzing
the different chips’ characteristics, the individual shortcomings for commercial chips can be improved
in proposed PMS.

3.2. Design and Operation Principle of Proposed PMS

The proposed PMS is designed based on two different off-the-shelf chips, namely the LTC3108
(Linear Technology) and BQ25504 (TI). Both Integrated Circuit (IC) chips are the highly integrated
power management chips and appropriate for energy harvesting applied to WSN. The LTC3108 has a
wider range of applications because of its acceptable extreme low input voltage. Through configuring
the relevant step-up transformer, the lowest input voltage is able to achieve the level of 20 mV. However,
the lack of MPPT function entails that the integrated converter cannot adjust its internal resistance to
realize the resistance match between the converter and the input voltage source. Thus, the system
only operates with the small internal resistance of input source and normally has the relatively low
efficiency. For the other integrated converter BQ25504, the most obvious advantage is the embedded
programmable MPPT function so that much more energy can be harvested via resistance matching.
Moreover, the battery protect function also contributes to the intelligence of the chip and expands the
application of system. Nevertheless, the high cold-start voltage of 330 mV requires big degrees of
temperature difference existing for a period to drive BQ25504 to quit the cold start period. When the
system enters the normal working stage, it accepts as low as 80 mV input voltage [27]. Therefore, a
type of design combining the respective advantages of two widely used chips is given much thought
in this paper.

Besides the consideration in terms of the allowable minimum operating voltage, the converting
efficiency is also taken into account in whole system establishment. From the datasheet of two chips,
the LTC3108 has relatively high efficiency (20-32%) whilst the input voltage under 150 mV. On the
contrary, higher efficiency (30-80%) can be realized when the input voltage of BQ25504 is greater than
150 mV [27,28]. Hence, according to different generated voltage from TEG different operating chips
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can be adopted. Therefore, not only the minimum acceptable input voltage but also the efficiency of
system can be guaranteed. The developed circuit scheme’s diagram of PMS is shown in Figure 2.

! | SW Viat ok
|
| Si | @ Vistore |—
TEG J_‘— - L | Transformer LTC3108 BQ25504

Crg Vou
1 TEG t Vit +I’_-|_

ol
1S5 @ !
I A=
) IC : Low-Drop | Ve
= . | Regulator
+ _L | Ss |
L Comparator I G =

Figure 2. Proposed PMS circuit diagram.

2:1 multiplexer switches S1, Sy, S3, and S5 are adopted to implement different operation modes
according to input voltage value. The entire system is established by means of transformer based
LTC3108 solution and BQ25504 scheme. On basis of the related resistors connection, the battery
protection and MPPT functionality are able to be realized. The highest charged voltage is 3.35 V and
the lowest discharged voltage is 2.3 V for connected voltage storage element C;. It therefore enables
the linear voltage regulator can output the stable voltage for electronics load. The main energy storage
elements are C; and C3. Generally, C, requires an initial voltage to power the switch conduction. The
initial voltage normally is determined by the powering voltage of used switches and comparator,
specified as 2.3 V in this paper. The initial voltage is used to power the multiplexer and switch at the
beginning period and help the BQ25504 quit the cold-start period in first stage. The whole working
period can be divided into three stages and stated as follows.

3.2.1. Start-up Period

In this period, it is assumed that the system has not started up and the TEGs are connected to the
PMS initially. The voltage boosting characteristics of LTC3108 are utilized at this moment to assist
the BQ25504 chip quitting the cold start period. The corresponding operating principle is outlined in
Figure 3. From Figure 3, the TEGs connect to the LTC3108 system via the path 1 of selection of S;. Thus,
the tiny generated voltage is able to be improved by the converter and stored into C; through path 3.
Once the voltage of C; reaches 1.25V, S4 will conduct, the voltage on C; will enable the BQ25504 quit
the cold start period immediately and generate a high level signal to indicate that the system can power
the load. This indication can also be the signal for switching different paths of 51 and S,.

| SW Q Vin Viar ok
| |
| S | @ Vitore f—
TEG J_‘_ - L] Transformer, LTC3108 BQ25504
Creg Vou +
1 TEG ¢ vba‘ I
G 1_
1S: G !
t

——1
<

Lo
) _:E Low-Drop |V,
[y S ) | Regulator
+ L IS5
L1 Comparator I G -

Figure 3. The start-up period working principle of proposed PMS.
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3.2.2. High Temperature Gradient Working Period

Assuming that the input voltage is higher than 150 mV at this stage, and it normally requires large
temperature difference. TEGs connect to the input of BQ25504 via path 1, 5 and 3. The system realizes
the energy harvesting mainly depending on BQ25504 and perform MPPT and battery protection
functions. In this stage, connected battery will be charged up to 3.35 V. Whereas, when the battery
voltage is lower than 2.28 V, the indicating signal from Vi, ok will disappear and the system will
re-enter the stage 1. Boosted voltage is stored into rechargeable battery C, and regulated by a Low
Dropout Regulator (LDO) to drive the electronics in a stable way. Figure 4 shows related working
process realized in this period.

T

Vin Viat ok

Vistore gumm

| T SW

] [l ©)

L s | j sto
TEG -—-= | | Transformer LTC3108 BQ25504

Cre Vou +
1 TEG t Vou {T
G L

i
! 1® ‘
o + 1 e |
L{ Comparator I G T

Figure 4. The high temperature gradient period working principle of proposed PMS.

Low-Drop Ve
Regulator [

3.2.3. Ultra-low Input Period

When small temperature gradient results in tiny voltage generated, the system is able to operate in
ultra-low input stage period. During this period, system’s input voltage is considered to be lower than
150 mV. The working path is displayed in Figure 5. The comparator with low self-power consumption
generates the indication signal for S3. For realizing relatively high conversion efficiency, LTC3108
carries out the function of energy harvesting in this stage. The boosted voltage is stored in C3 which is
subsequently regulated by LDO to obtain a stable voltage.

| | SW © Vin Viat ok
€
| S| | Vsmre
TEG —-—_— _| Transformer, LTC3108 BQ25504
Cre Vou
1: TEG t Vi + ’_-L
G L
1559 !
t |
| G | | Low-Drop | Vee
oy . ] e Regulator
+ L I
L_{ Comparator _—l_ G -

Figure 5. The ultra-low input period working principle of proposed PMS.

Moreover, for relevant configuration in proposed circuit, the transformer is selected with 1:100
ratios to obtain the lowest acceptable input voltage. LTC3108 is installed to output 3.3 V according
its related pins’ connection. For selection of Cy, it is recognized as the storage capacitor of LTC3108
and provides the input energy for BQ25504 during the start-up period. Thus, the capacitance value
is not supposed to be big because only 15 uW is enough for BQ25504 quitting the cold-start period
and the short charging time can be obtained as well. The LDO is considered to produce a constant
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voltage 2.3 V for electronics used. It is worthy to notice that the initial voltage of C; or Cs is essential
because the system needs the voltage to drive the analog switch conducting at the first time and
allows the power flow. Related working principles in proposed PMS are summarized in Table 1. The
corresponding used main electronic components are listed in Table 2. The power consumption of used
electronic components is supposed to be taken into account significantly, so that ultra-low self-power
consumption comparator is selected.

Table 1. Working principle of proposed PMS.

Working Stage Input Voltage Signal for Changing Status Energy Flow Path
Start-up Above 20 mV / TEG-Transformer-LTC3108-C1-BQ25504-C,
High temperature
gradient Above 150 mV Vhat ok TEG-BQ25504-C,
Ultra-low input 20 mV-150 mV Comparator Output TEG-Transformer-LTC3108-C3

Table 2. The main electronic components used in the design.

Name Part Number/Parameters Company
Transformer LPR6235-752SMR Coilcraft
Inductor 744031220/22 uH Waurth Elektronil
Switch Sq, Sy, S3, S5 ADGS819 Analog Devices
Switch Sy N-MOSFET BSH105 Nexperia
Comparator OPA349 Texas Instruments
Low-dropout regulator TPS78223 Texas Instruments
Capacitor C; 470 uF /
Energy storage C, Batteries, 50 mAh Panasonic
Energy storage C3 1F55V /
Diode D, MBR1020VL Fairchild

4. Experimental Studies

The practical experiments and tests are presented in this section. At first, the utilized TEG modules
and its electrical characteristics are analyzed. Next different working modes are validated and the
functionality of proposed thermal harvesting system is demonstrated as well.

4.1. TEGs Establishment

According to the foremost analysis of TEG presented in Section 2, the internal characteristics
determine the power output performance of TEG. Therefore, for human applied case the big Seebeck
coefficient of a piece of TEG is supposed to be a significant factor affecting the output voltage level.
Considering the cost and performance of a TEG, the Seebeck module GM200-71-14-16 is adopted.
Moreover, several pieces of TEG are stacked to enhance the output power. Multiple TEGs are supposed
to be connected electrically in series and thermally in parallel. The thermal compound adhesive is
utilized to paste TEGs and heat sink (ICK S 50 x 50 x 20). A heat sink is also significant to maintain the
temperature difference across the TEG to acquire a stable output voltage. The thermal resistance of
the heat sink should match the TEG’s thermal resistance in order to realize better performance. The
used TEGs shown in Figures 6 and 7 expresses the related electrical characteristic of TEG obtained in
the experiments.
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Figure 6. TEGs used in the experiment.

Voc/mV
180
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140

120
100
80
60
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Figure 7. The relationship between the temperature difference and open circuit voltage.

From the figure, one concludes that the relationship between the temperature difference and
output voltage is approximately linear. The scope of the linear function is the Seebeck coefficient.
Furthermore, from the experimental results, the output voltage increases as the number of stacks
increases and corresponding characteristic can be derived. For example, when the environment
temperature is 26.3 °C and the temperature of skin is 33.5 °C, the internal resistance of three TEGs
stacked is nearly 5.2 () and the open circuit voltage is approximately 110 mV. In this case, the maximum
output power is 581 uW. It is sufficient for the general electronics used.

4.2. Whole System Test

The system hardware implementation is shown in Figure 8. The designed PMS circuit is integrated
into a printed circuit board (PCB) with the size of 3 cm X 3 cm. The practical application for proposed
system (total weight is about 110 g) is shown in Figure 9. TEGs are placed on the wrist of the human
body to harvest the thermal energy. For wireless application, a digital temperature and humidity sensor
SHT20 is adopted as a wearable sensor because of its tiny size (3 X 3 X 1.1 mm). It accepts wide voltage
supply from 2.1 V-3.6 V and only consumes 0.15 A in the sleep mode. On average, the sensor has only
3.2 uW power dissipation which is suitable for low power-consumption wireless transmission case.
Besides, the wireless communication unit is selected according to the communication distance and
power consumption. A ZigBee module (CC2530) with system-on-chip solution and embedded with
8051 low-power controller is selected as the wireless transmission unit [29]. The wider power supply
and the developing interface Z-Stack allow the CC2530 applying to many different circumstances. To
seriously decrease the average power consumption of CC2530, system will enter sleep mode whilst no
sampling and transmission missions need to be completed. Designed PMS provides 2.3 V both for
wireless transmission unit and sensor. Hence, periodic temperature data transmission can be realized.
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Figure 9. Human wrist based system test.

For start-up period, the corresponding test waveform is given in Figure 10. With the input voltage
of 130 mV, at the beginning, the energy is boosted by LTC3108 and stored into C; for a while. When the
voltage on Cj is higher than 1.25 V, switch 4 can be conducted to allow the power input into BQ25504.
Thus, the BQ25504 quits the cold start period rapidly and internally connects the Vi, into Viiore pin.
The initially stored voltage on related storage unit of the chip will enable the system to produce a high
level signal for subsequent path changing. Therefore, system will enter the second or third period, and
the voltage on storage component can be charged into pre-set value. The system is able to provide a
stable 2.3 V voltage for sensor and ZigBee units.
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Figure 10. Start-up waveform of the proposed PMS.

Additionally, it is also essential to evaluate the self-power consumption of proposed energy
harvesting system. For system static power consumption, it consists of used switch components and
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comparators. However, the main power consumption is the dynamic power consumption leaded by
sensing and transmitting modules. Those are calculated as follows.

Pnode:Pm+Pt+Ps (3)

Pyt1 + Pity + Pst
Pavemge: el ’1{2 =2 4)

where P, represents the sensor node’s power consumption for sensor measuring; P; denotes the
transmitting power consumption and when system operates with sleep mode the related power
consumption is shown as Ps. P4, is the total power consumption of a sensor node. Pgyerage is the total
average consumption of a node under the specific transmission period. t1, t, and t3 are the operating
time of measuring, transmitting and sleeping respectively.

Before evaluating the corresponding operation performance of proposed PMS, the system extra
power consumption caused by multiplexers and comparator can be calculated via the working current
and powering voltage. According to the datasheet, this part of consumption is about 4.64 uW. Applying
the whole system to human body, when the environment temperature is 23.2 °C and human’s skin is
33.4 °C open circuit voltage of used TEGs is 168mV. Connecting the proposed PMS, system input voltage
is 104 mV and input power is 1272.4 uW. With 65 s periodical transmission task, from Equation (3),
there is 34.6 uW power consumed by sensor and ZigBee module in one period. According to the test,
stored power is 302.7 uW and the converting efficiency is 26.5%.

When the input voltage increases as 180 mV, system enters into high temperature gradient working
period. Generated energy coming from TEGs is collected mainly by BQ25504. The input power is able
to reach 1620 uW. With the same periodical transmission, the stored energy is 336.9 uW. Thus, the
conversion efficiency is 20.8%. One can note that the efficiency of BQ25504 based system is increased
with the raise of input voltage on basis of its characteristics. However, the higher input voltage requires
much more temperature difference across the TEG. To realize the higher efficiency in this paper, a
temperature gradient greater than 30 degrees is normally required. Hence, it is not suitable for human
based scenario. Otherwise, increasing the number of used TEGs or considering the advanced TEG
with higher performance is likely to be the possible solution for this condition.

4.3. System Analysis

According to the experimental test, three designed working periods are validated successfully. For
start-up period, the required input voltage is above 20 mV. According to the voltage improving function
of LTC3108, the boosted voltage is firstly stored into a capacitor and subsequently drives the BQ25504
quit the cold-start period and enable the related functions. After the system successfully starts up, the
system will enter into different periods on basis of input voltage level. The conversion efficiency for
each working period depends on respective characteristics of single chip. The corresponding operating
features are expressed in Table 3 and the efficiency of proposed system is presented in Figure 11.

Table 3. Operating features of proposed PMS.

. . Conversion Storing Rate of
Working Period Input Voltage Efficiency Harvested Energy
Start-up >20 mV / /
High Temperature Difference >150 mV 20-33% Around 89.7% *
Ultra-low Input 20 mV-150 mV 19-81% Around 90.7% **

* Under 65 s transmission period and 104 mV input voltage; ** Under 65 s transmission period and 180 mV
input voltage.
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Figure 11. Working efficiency of the proposed PMS.

From the table and figure, the developed system indeed has relatively low conversion efficiency
compared with other MCU based schemes employing the MPPT algorithm (like in [22]). Proposed
system only operates MPPT function whilst the input voltage is higher than 150 mV. However, the
storing rate in our system enable the most of converted energy can be stored into storage element. For a
specific application scenario, such as the human heat harvesting, majority of converted electrical energy
does not allow to be consumed by the MCU despite the conversion efficiency has been improved,
because the produced thermal energy from human is quite low. Furthermore, relatively larger size of
MCU based PMS enables the human body-based energy harvesting system not convenient.

It is noticeable that several investigations of TEG design have been paid close attention. In [9], an
optimal design of TEG has been presented and tested on different placement of a human body. The
developed TEG structure has relatively high wearable performance. The power density of proposed
TEG can reach more than 20 uW/cm? and the open circuit voltage is about 15 mV during the human
body worn experiments. Additionally, Ref. [30] designed a novel bulk legs and liquid metal TEG with
new approach. Corresponding TEG has perfect performance not only in size but also the output power.
It can produce 29 uW with 11 mV output voltage in human test. However, although more and more
researches have emerged to improve the characteristic of TEG module, the output voltage and power
still keep at ultra-low level and are unlikely to power commonly used electronics. Thus, the use of PMS
is continuously necessary. As involved before, the existed PMS can be divided into three groups. For
the discrete component based scheme, the controller is normally adopted to complete MPPT function
in order to obtain a higher conversion. Ref. [10,19,31] all utilize the MSP430 to implement the related
MPPT algorithms. For these schemes, the system consumed current is relatively larger because that
the MSP430 averagely consumes more than 10 pA (under the 180 s transmission period) current even
though it operates under the ultra-low power consumption mode. In our system, only average 5.54 pA
current can is consumed if the transmission period to be extended to the 180 s as well. Integrated circuit
based PMSs exhibit the advantages in small self-power consumption and high working efficiency.
Due to the relevant fabrication limitation, the lowest acceptable voltage is higher than 20 mV and
has narrow input voltage range than other kinds of PMS. Proposed system in our work is capable
of accepting input voltage between 20 mV to 3 V. For the work of [15], although it allows the input
voltage to be as low as 20 mV, the impedance match range (33.33 (2-2.7k ) limits the input source to
be the array of TEGs instead of few pieces. Our designed PMS could match the resistance from 1 () to
15 Q), which allows small number of TEGs can be used. Therefore, our work is capable of showing the
wide input voltage range and lower system current consumption than MCU based system. Even if
there are no advantages over the integrated circuit based PMS in terms of conversion efficiency, it still
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provides guidance for those who would like to utilize the commercial chips based PMS to establish the
energy harvesting system especially the input power is extremely low.

Therefore, our system has advantages in the relatively small size for possibly being wore at the
wrist to power some wearable devices on human body. Additionally, compared with individually
used commercial chips, proposed system improves the lack of MPPT function in LTC3108 and high
cold-start voltage of BQ25504. The three working modes allow the proposed PMS not only can be used
in human heat harvesting case (low input voltage) but also other relatively high input voltage cases,
such as solar power harvesting and radiant energy harvesting.

Another point of general concern is the self-power consumption of PMS. In proposed system, the
chief power consumption for entire system is affected by the averaged dynamic power consumption
of sensor and transmission units. From the Equation (3), sleeping time of ZigBee module seriously
influence the average power consumption. Hence, increasing sleeping time or transmitting period will
result in much less average power consumption of electronic load and requires less input power, i.e.,
low requirements for ambient temperature differences.

5. Conclusions and Future Work

This paper presents a type of human body-based thermal energy harvesting system aimed to
power the related wearable sensor applied to human. TEGs are considered as the energy harvester
to convert the thermal energy into electrical energy. A novel power management circuit is proposed
based on the commercial off-the-shelf chips. The PMS has the advantages of accepting much lower
input voltage, i.e., 20 mV. According to the experiments, the proposed system is appropriate for
human body thermal energy harvesting case with worn on wrist. Even if the TEGs adopted in
experiment does not present the portable performance for better wearing, the designed system has
been validated successfully and can also possibly be used with more flexible TEGs to realize the
wearable application. Although the system has relatively low conversion efficiency caused by the
chip’s self-feature, comparing with another PMS schemes utilizing the MCU to improve the efficiency
the proposed system allows the harvested energy to power the sensor and wireless transmission
modules merely instead of powering MCU with extra harvested power. The wide acceptable input
voltage range helps the proposed PMS applied to a variety of energy harvesting applications as well.

From the experimental validation on human body, the used temperature sensor can be successfully
powered from the proposed energy harvesting system periodically. With the 104 mV input voltage
from TEGs applied to human body and 65 s transmission period, 302.7 uW power is capable of being
harvested in the supercapacitor. The conversion efficiency is 26.5% and 89.7% of harvested power
is stored into the storage component. When the input voltage reaches 180 mV, 1620 uW power is
produced from TEG and 336.9 uW power can be collected into rechargeable battery. Nevertheless,
for proposed energy harvesting system with wireless sensor system, longer transmission period is
likely to lead to lower input voltage and power, which can decrease the requirement of temperature
difference and environment.

However, the proposed PMS mainly utilizes the off-the-shelf commercial chips and switches to
realize different working stages. The initial voltage for driving the relevant switches to be conducted is
essential, which enables the system cannot start up without any stored energy initially. Moreover, the
efficiency of entire system is still to be considered to improve even if the utilization rate of transformed
power is relatively high. Therefore, the future work is supposed to concentrate on the improving the
system efficiency, reducing the restriction of initial conditions and minimize the system size of PMS.
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Abbreviations

a Seebeck coefficient

ATgG Temperature Difference of a TEG

E Electromotive force

Paverage Average consumption of a node

Py, Power consumption for sensor measuring

Pode Power consumption of a sensor node

P, Output power

Ps Power consumption for sensor sleeping

Py Power consumption for sensor transmitting

Rg Internal resistance

Ry Equivalent resistance of load

] Operating time of measuring

tr Operating time of transmitting

t3 Operating time of sleeping

T Transmission period

Voe Open circuit voltage

P Power consumption for sensor transmitting
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