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With more and more extensive research and application of wearable devices, their continuous working time has become a
prominent problem which is increasingly concerned. Within the limitations of existing battery technology, environmental energy
harvesting can be used to enhance the continuous working time of wearable devices. To solve this problem, this paper designs a
collection system for heat energy and radiofrequency (RF) energy in the environment. +is system designs a thermoelectric
collector based on thermoelectric generation, an RF energy collector based on a rectifier antenna, and a mixed energy collection
controller based on power trajectory tracking. +is system can generate power according to the temperature difference between
environment and human body and RF energy in the environment.+is system uses the heart rate sampling algorithm to accurately
collect the required voltage and current information while saving system energy consumption. +e maximum power output
algorithm based on power trajectory tracking keeps the maximum power output of the energy collection system at all times. In this
paper, two kinds of environmental energy models and a mixed energy acquisition system model are established by MATLAB.
After setting reasonable environmental conditions, we get the results to verify the rationality and effectiveness of this environment
energy collection system.

1. Introduction

As the material basis of human production, energy has been
playing an important role in the development of human
society. +e energy collection technology is to collect the
energy lost in the environment and convert it into direct
current energy through conversion, storage, and other
means, which can be used by electronic devices. +is way is
undoubtedly the greatest extent to reduce the waste of
energy and greatly improve the energy’s utilization, which
has a decisive significance to solve the energy problem.

As we know, wearable electronic devices generally have
the following two characteristics. Firstly, the energy demand
is generally small. Secondly, its power supply equipment
replacement is relatively complex, which means we have to

face the problems to apply a power module that can work for
a long time. With the development of technology, the
wearable energy collection system can be divided into two
directions. Firstly, the volume of energy acquisition systems
will be reduced smaller and smaller to eventually integrate it
into the energy modules in wearable electronic devices.
Another one is to continuously optimize the energy col-
lection system, design its own storage module, collect and
store the environment energy, and unify the management.

A large number of scientific researchers are exploring the
perfect combination of wearable and energy collection in
those two ways mentioned above. Georgia Institute of
Science and Technology, the Wang Zhonglin team from the
Institute of Chinese Academy of Sciences, and the
H. Alshareef research team from King Abdullah University
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of Science and Technology (KAUST) have designed a
bracelet that combines the energy collection and storage
inside the device to provide sustainable energy for the
wearable devices [1]. At the same time, Cheng Jianli, Wang
Bin, and others from the Institute of Chemical Materials of
China Engineering and Physics Institute have designed a
fiber optic capacitor shown in Figure 1, which has 5.1%
energy conversion efficiency and is of great significance to
the energy supply for the wearable electronic equipment [2].

By looking for energy collection devices that are more
efficient and applicable to the wearable electronic equip-
ment, the Takao Someya team from Tokyo University and
the Japan Institute of Physical Chemistry and Research has
designed a superflexible organic solar cell that is 13% effi-
cient in transferring energy, and the solar cells are still able to
maintain a good device performance after multiple
stretching tests [3]. Professors Pietro Cataldi and Mario
Caironi from the Institute of Science and Technology in Italy
have designed a planar flexible thermoelectric device with
good flexibility and washing stability, which provides a
profound meaning for the development of wearable ther-
moelectric devices [4]. Professor Yanliang Zhang from the
University of Notre Dame Aerospace and Mechanical En-
gineering has designed a flexible thermoelectric acquisition
unit through its improved 3D printing technology, which
can show a high power density of 7.65mw/cm2 under the
temperature gradient of 60 k, which is a great help for the
application of thermoelectric collectors used in wearable
products. A flexible 3D fabric was developed by Professor
Zhi Chunyi from the City University of Hong Kong and Hu
Hong from the Hong Kong Institute of Science and Tech-
nology, which can be able to provide energy to the electronic
devices by friction. A yarn-based triboelectric nanogenerator
for energy acquisition was prepared by Xiong Pu, Weiguo
Hu, and Zhonglin Wang from the Beijing Institute of
Nanoenergy and Systems, Chinese Academy of Sciences [5].
+e research group of Professor Hu Chenguo from
Chongqing University and Professor Guo Hengyuan from
Beijing Institute of Nanoenergy and Nanosystems, Chinese
Academy of Sciences, used traditional weaving techniques to
produce self-charging energy fabrics for collecting human
movement energy with the characteristics of mass pro-
duction [6].

In energy storage of wearable electronic devices, the
research team led by Associate Professor Chunyi Zhi of the
City University of Hong Kong has built a set of evaluation
standards for energy storage devices of wearable devices by
analyzing the flexibility, tensile, and wearability of flexible
energy storage devices [7], which provides a direction for the
development of wearable energy memory to a certain extent.
A flexible fiber membrane lithium-sulfur battery was
designed by the research group of Professors Yan Wei and
Yu Shujiang from Xi’an Jiaotong University and Xi Kai and
Vasant Kumar from the University of Cambridge [8]. Jianli
Cheng, Bin Wang from the Institute of Chemical Materials,
CaEP, and Jun Lu from Argonne National Laboratory to-
gether designed a high flexibility fiber Li-CO2 battery [9].
Chen et al. from the Department of Materials, ETH Zurich,
made a highly elastic thin-film cell [10]. A sodium ion

battery with high conductivity, high mechanical strength,
and high flexibility was prepared by Professor Junmin Yan’s
research group from Jilin University using industrial
wastewater and waste cotton fabric [11]. +e research team
of Professor Geng Fengxia from Suzhou University prepared
a high magnification flexible thin-film electrode battery by
using two-dimensional materials [12] and so on.

As RF energy collecting, it is found that researchers
basically collect frequency bands around 1.8GHz, 2.1GHz,
2.3GHz, 2.4GHz, 2.5GHz, 3.3GHz, 3.8GHz, 5.2GHz, and
5.5GHz (mainly WIFI frequency band and WIMAX fre-
quency band). Meanwhile, the current research directions of
researchers mainly include the following: (1) trying different
flexible materials to prepare multiband antenna models; (2)
trying to use metamaterial technology to improve the gain of
RF energy collection antenna [13–17]. Although there is no
flexible RF energy collector that is fully applicable and has
reached the application level at present, as the attempt in
literature, the flexible RF energy collector suitable for
wearable devices will one day become a product and appear
in people’s life [18].

At present, conclusively, there are two ways in most
researches on maximum power output algorithm of energy
acquisition. First, add the DC-DC function after each energy
acquisition module to increase the output voltage value and
use some algorithm like MPPT (Maximum Power Point
Tracking) to control the energy discharging [19]. Second,
add only one DC-DC module after several energy modules
and use the passive mode (only the energy module with the
highest voltage value can discharge) to supply the energy
power to load. +e first method leads to a high loss of
environmental energy in multiple DC-DC stages, reducing
the utilization of hard-won environmental energy. For the
second method, the discharging power of the energy module
passively selected is not necessarily the maximum; that is to
say, the energy module with the maximum discharging
power cannot discharge, resulting in energy waste.

Based on the circuit topology of the second way (only
one DC-DC module), this paper uses the power trajectory
tracking algorithm to actively supply the energy power to
load. Compared with passive discharge, the active discharge
method can effectively improve the utilization of environ-
mental energy.

+is paper analyzes the architecture of mixed environ-
ment energy collection system, then, respectively, analyzes
and establishes the models of thermoelectric collector and
RF energy collector, and makes the physical objects of these
two collectors at last in Section 2. It designs a heart rate
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Figure 1: Fiber optic containers and energy collecting bracelets.
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sampling algorithm to accurately collect the required en-
vironmental energy voltage and current information in
Section 3, establishes an energy management model with the
maximum power output algorithm based on power tra-
jectory tracking and simulates it in Section 4, and at last sets
an experiment to verify the effect of this energy collection
system in Section 5.

2. Analysis andDesign ofMixed Energy Systerm

Contraposing the actual environment of human activities,
the energy source of the wearable energy acquisition system
includes heat energy (for the temperature difference between
the human body and the environment) and radiofrequency
energy (for the external environment of human beings).

Due to the uncertainty and weakness of environmental
energy, we still use lithium battery as the main power supply
of wearable devices and the two mixed energies as sup-
plementary power.

It is well known that environmental energy can easily
change according to environmental conditions. In the case
of poor environmental conditions, the energy output is
extremely weak, so it is needless to detect the port voltage of
the environmental energy module.+e port voltage has to be
detected when the environmental conditions become better,
or the energy module has stored enough output energy.
+erefore, this paper adds a heart rate sampling system for
the environmental energy module to avoid invalid real-time
voltage or current detection and accurately collect the port
voltage value on the premise of saving energy.

To effectively improve the utilization rate of environ-
mental energy, this paper designs a mixed energy collector.
+e energy collector will control the sampling sequence of
the heart rate sampling system and control the environment
energy supplied to the load or charging the battery effi-
ciently. +e block diagram of wearable environmental en-
ergy collection system designed in this paper is shown in
Figure 2.

2.1. (ermoelectric Energy Collection. +e basic principle of
thermoelectric energy collector is the same as that of
thermoelectric power generation, which is to connect two
kinds of semiconductor thermoelectric materials, N-type
and P-type, in series with the conductive plate with good
thermal conductivity and conductivity and then fix them on

the ceramic plate with good thermal conductivity, and then
it can get the thermoelectric power generation or thermo-
electric energy collection.

In practical application, the hot side of the thermo-
electric material slice is closely connected with the heat
source, and the temperature of the cold side is reduced as far
as possible by means of heat dissipation so that the tem-
perature difference is formed on both sides of the device.
According to the Seebeck effect, a voltage will be generated
in the loop, and a current will flow through the load. In order
to achieve the required power, usually in practical appli-
cations, 18–128 groups of monomers are arranged in series
or parallel to form thermoelectric devices.

2.1.1. (ermoelectric Model Analysis. +ermoelectric de-
vices will be evaluated using the following parameters to
design and implement efficient hardware thermoelectric
systems.

(1) Output Power of (ermocouple. As shown in Figure 3, the
thermocouple arrangement structure is generally adopted in
the basic units of thermoelectric power generation elements.
According to the Seebeck effect, when the temperature at
both sides of the element is T1, T2, and T1 >T2, the voltage in
the loop is [20, 21]

U � α T1 − T2( 􏼁. (1)
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Figure 2: Wearable device environmental energy acquisition and management system.
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Figure 3: Structure drawing of monomer thermogenerator.
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Due to the internal resistance r of the thermoelectric
element itself, only part of the voltage generated by the
thermoelectric element is loaded onto the load resistance RL.
+at is, the voltage presented on the load resistance (RL) at
this time is the actual output voltage of the thermoelectric
device, which is usually expressed as

Vout � α T1 − T2( 􏼁
RL

RL + r
�

mα T1 − T2( 􏼁

1 + m
. (2)

In the above formula, the ratio of load resistance to
internal resistance is expressed as m. Furthermore, the loop
current can be expressed by the following formula:

I � α
T1 − T2( 􏼁

RL + r
. (3)

+rough the above expressions of voltage and current,
the output power of the temperature difference generator
can be calculated as follows:

P �
α2 T1 − T2( 􏼁

2
RL

RL + r( 􏼁
2 �

m

(1 + m)
2 ·

α2 T1 − T2( 􏼁
2

r
. (4)

When m � RL/r � 1, that is, when the load resistance
value is equal to the internal resistance value of the ther-
moelectric element, its output power is the maximum, and
the maximum value is [22]

Pmax�

α2 T1 − T2( 􏼁
2

4r
�
α2ΔT2

4r
. (5)

(2) Power Generation Efficiency of (ermoelectric Generator.
In order to investigate the power generation efficiency of
thermoelectric elements, the total heat Qh absorbed from the
heat source needs to be considered first. Qh is composed of
joule heat, heat conduction, and Partie heat, which can be
expressed as

Qh � αT1I −
1
2
I
2
r + λ T1 − T2( 􏼁, (6)

where λ is the thermal conductivity of thermocouple ma-
terial and Seebeck coefficient between α and two materials
(P- and N-type semiconductor) can be expressed as follows:

α � αP − αN. (7)

+us, the power generation efficiency of thermoelectric
generator can be obtained:

η �
P0

Qh

�
α2 T2 − T1( 􏼁

2
RL/ RL + r( 􏼁

2

αT2I − (1/2)I
2
r + λ T2 − T1( 􏼁

. (8)

Arrange it again:

η �
T2 − T1

T2
􏼠 􏼡

m

(1 + m) − T2 − T1/T2( 􏼁 +(1 + m)
2/ZT2

􏼢 􏼣,

(9)

where Z is the optimal value coefficient of the material,
Z � α2/RK.

When dη/dm � 0, which also is m � (1 + ZT)1/2, the
output efficiency of the thermoelectric generator is the
highest, where T represents the average temperature be-
tween the cold side and the hot side of the thermoelectric
element; namely,

T �
T2 + T1( 􏼁

2
. (10)

+us, the maximum efficiency can be expressed as
follows:

ηmax �
T2 − T1

T2
·

��������

(1 + ZT)

􏽱

− 1
��������

(1 + ZT)

􏽱

+ T1/T2

. (11)

2.1.2. (ermoelectric Module Design. According to previous
studies, the circuit model of thermoelectric module is shown
in Figure 4:

RTEG �
RTE + RS

RTE · RS

. (12)

+en, the basic relationship can be obtained from the
above model:

ΔTTEG �
RTEG

RthA + RthB + RTEG

.ΔT. (13)

From the above analysis, it can be seen that the difference
between human body temperature and ambient temperature
(ΔT) is obviously larger than the difference between the cold
side and hot side (ΔTTEG) of the thermoelectric element
(TEG element); that is, the actual temperature difference
(ΔTTEG) between the two sides of the thermoelectric device
is relatively small. Meanwhile, the parallel structure of
multiple thermocouples inside TEG makes its thermal re-
sistance smaller [23–26]. As a result, the temperature dif-
ference in the environment is much greater than the
temperature difference applied to the thermoelectric ele-
ment. However, it should also be noted that some phe-
nomena in the external environment (such as air flow) can
make the heat exchange on the TEG surface more active
because thermal resistance RthA is affected by thermal ra-
diation and thermal convection between the thermoelectric
element and the external environment; that is, when wind
flows on the surface of TEG in the environment, its value will
be greatly reduced. +erefore, the performance of TEG is
closely related to the external environment.

To explore the performance of thermoelectric elements
more definitively, we can make the following assumptions.
Assuming that the number of thermocouples contained in
TEG is N, the Seebeck coefficient of thermoelectric materials
is α, the temperature difference between the two surfaces of
TEG is ΔTTEG, and the voltage generated by TEG is VT; the
following relation can be obtained:

VT � N · α · ΔTTEG. (14)

A simplified electrical model is constructed with TEG
components as the source, and its basic style is shown in
Figure 5.TEG is equivalent to a series of voltage sourceVT and
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internal resistance RT, and the external circuit is replaced by
resistanceRL. Meanwhile, the value of the output powerPO of
the thermoelectric element depends on its internal equivalent
resistanceRT and the resistanceRL of the external load circuit.
Based on basic circuit principles, the output power PO of a
thermoelectric element can be expressed as follows:

PO �
V

2
T

RL + RT( 􏼁
2 · RL. (15)

According to the basic properties of the above equation,
the power curve of TEG can be basically expressed as a
quadratic function.When the external resistanceRL is equal to
the internal resistance RT of the TEG element, the maximum
power point can be obtained, which could be expressed as

PO � PM �
V

2
T

4RT

. (16)

2.1.3. (ermoelectric Module Design. +ere are many factors
that affect the performance of thermoelectric acquisition

devices. To select suitable thermoelectric devices, it is nec-
essary to comprehensively analyze the advantages of ther-
moelectric materials, the shape of thermocouple arms, and
the structure of thermoelectric devices.

In order to build thermoelectric devices with better
performance, N-type and P-type materials can be added to
semiconductor materials to make them have similar ad-
vantages. Such processing technology is also relatively
simple and easy to implement. At the same time, the physical
size (geometric size) of thermocouple also affects the energy
conversion efficiency of thermoelectric devices. In general,
when the two materials of the galvanic arm have different
optimal values, their geometric dimensions are usually
different.

In this paper, thermoelectric devices with conventional
longitudinal structure are selected. To closely combine
wearable characteristics with its structure, 3D printing
technology is used to design the structure as shown in
Figure 6(a). +rough reasonable placement, the thermo-
electric generator perfectly reflects the wearable character-
istics. Figure 6 shows a thermoelectric generator connecting
to the mixed energy collector designed in this paper.
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Figure 4: TEG model and electrical model based on human body.
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Figure 5: Equivalent electrical model of TEG.
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2.2. RF Energy Collection

2.2.1. Analysis of RF Energy Collection Model. RF energy
collection can avoid the influence of harsh environment and
light and is more stable than solar energy and wind energy.

Since the RF energy used in this paper belongs to the
energy that exists in the environment and may be trans-
mitted by multiple signal sources with uncertain trans-
mission power, the RF energy collector shall consist of at
least two parts, a receiving antenna and a filter rectifier
circuit. Receiving antenna is the first device to receive RF
energy from space to the circuit, and its performance de-
termines the effect of RF energy collector. +e parameters of
the receiving antenna are resonance frequency, bandwidth,
return loss, receiving efficiency, and so on. +e larger the
harmonic frequency bandwidth is, the more environmental
RF energy can be received, and the higher the efficiency of
the receiving antenna is, the higher the efficiency of receiving
RF energy is.

For RF energy receiving antenna models in space, we
usually have Free Spacemodel, Dual Ray Groundmodel, and
Rayleigh model.

(1) Free Space Model. According to the Friis equation, the
power that an energy receiver can receive is

PR �
PTGTGRλ

2

(4π d)
2
L

, (17)

where PT is the transmitting power of the transmitter, GT is
the transmitting antenna gain of the transmitter, GR is the
receiving antenna gain of the energy receiver, λ is the
wavelength of RF signal, and d is the distance between the
transmitting antenna and the receiving antenna.

(2) Dual Ray GroundMode. As RF signals reach the receiving
antenna through a direct path and a reflected path, re-
spectively, the power obtained by the energy collection
antenna from the energy transmitter is as follows:

PR � PTGTGR

h
2
t h

2
r

d
4 , (18)

where PT is the transmitting power of the transmitter, GT is
the transmitting antenna gain of the transmitter, GR is the
receiving antenna gain of the energy receiver, ht is the height

of the transmitting antenna, hr is the height of the receiving
antenna, and d is the distance between the transmitting
antenna and receiving antenna.

(3) Rayleigh Model. Rayleigh model stipulates that the re-
ceived power obtained by the energy collection antenna
from energy transmitters is (the power that relay nodes/
secondary users can receive from RF signals transmitted
from source nodes/primary users)

PR � P
det
R × 10L

× log(1 − unif(0, 1)), (19)

where L � − α log 10(d/d0) is the path loss factor of the
radio channel, d0 is the reference distance, Pdet

R is the ac-
cepted power calculated by a deterministic model, and
unif(0, 1) is the random number generated between 0 and 1.

In the assumption of this paper, the radiofrequency
energy in space is radiated by multiple energy sources. +e
power of the radiation energy source and radiation direction
and the distance between the radiation antenna and the
receiving antenna are uncertain. +erefore, the Rayleigh
model is more consistent with the actual situation in this
paper.

We use the Rayleigh model as a reference for modeling
and analysis, which can better simulate the characteristics of
RF energy in this paper.

2.2.2. Design of RF Energy Collection Module. RF energy
collector usually consists of three parts: a receiving antenna,
a rectifier, and a voltage doubling circuit.+e collector needs
to be measured by working bandwidth, return loss, effi-
ciency, gain, and input impedance. Combined with the
measurement standards and based on the actual application
scenarios, this paper will design an energy collection antenna
that can collect RF energy in the environment and is suitable
for wearable.

(a)

Mixed energy collector Thermoelectric generator

(b)

Figure 6: +ermoelectric collection module: (a) 3D shell and (b) connection of thermoelectric generator and mixed energy collector.

Table 1: Radiofrequency signal bands in the environment.

Mobile operators Frequency band
(MHz)

Tower signal
(G)

China Mobile (TD-LTE) 2320–2370 4
China Unicom (TD-LTE) 2300–2320 4
China Telecom
(CDMA2000) 2110–2125 3
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Table 2: Basic parameters of a receiving antenna.

Parameters Parameters range
Working frequency range 2.1 GHz (2.1–2.125GHz) 2.3GHz (2.3–2.37GHz)
Return loss 2.1GHz (− 10 dB) 2.3GHz (− 10 dB)
Gain 2.1GHz (1.50 dB) 2.3 GHz (3.0 dB)
Impedance characteristic (40–60) + (− 10–10) j

(a) (b)

Figure 7: Antenna basic shape diagram: (a) front side and (b) back side.
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Figure 8: Antenna simulation results: (a) antenna return loss, (b) antenna radiation patterns, (c) antenna standing wave ratio, and (d) Smith
chart.
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For the selection of frequency band, considering the
frequency band of the signal transmission tower of China
mobile operators, which is shown in Table 1, the 3G (near
2.1 GHz) and 4G (near 2.3GHz) signals in the environment
are taken as the final target frequency band for collection.

Normally, the return loss S11 and gain value are more
important in the antenna index. +erefore, the antenna
designed in this paper has basically defined the above pa-
rameters, and the specific requirements are shown in Table 2.

+e basic structure of the antenna is designed by HFSS
software in this paper. Firstly, the basic size of the antenna is
calculated according to the plate medium coefficient and
antenna formula. Secondly, in order to get a broadband
antenna, a slot is needed on the back of the antenna. Finally,
to save the cost, this paper uses the common RF4 plate to
design and simulate the antenna.

With the help of 3D electromagnetic simulation software
HFSS, according to the conventional calculation formula of
microstrip antenna size, L slot’s characteristics on the back,
FR4 plate parameters, the expected antenna operating fre-
quency, and so on, the antenna structure is designed as
shown in Figure 7.

After a long time of calculation with HFSS, the antenna’s
S11 return loss, radiation patterns, standing wave ratio, and
Smith chart are obtained as shown in Figure 8.

From Figure 8(a), we can see that it has a good return loss
of S11 at frequencies 2.1GHz and 2.3GHz. +e antenna
standing wave ratio is very closely equal to 1 at 2.1 GHz and
2.3GHz, which is shown in Figure 8(c). And the Smith chart
in Figure 8(d) represents the impedance characteristics of
antenna. +e antenna in this paper is linearly polarized
because there is only pole at “m1.”

+e antenna layout is slightly arranged in the software
Altium Designer for processing, and the physical antenna
made of FR4 plate is shown in Figure 9.

+e high-frequency AC energy received by RF antennas
cannot be supplied directly to electronic devices. +at means
it is necessary to design a reasonable rectifier circuit
matching the antenna to convert the high-frequency elec-
tromagnetic energy into DC energy (RF-DC), which can
ultimately be provided to the electronic equipment load.+e
process is shown in Figure 10. RF receiving antenna and
rectifying circuit are collectively called RF energy rectifying
antenna.

+e rectifier circuit is the core component of the rectifier
antenna, which is generally divided into series type, parallel
type, single-stage voltage doubling type, Greinacher type,
and bridge rectifier type according to its way to access a
circuit. +rough analyzing and comparing the above
structures, it is found that the overall effect of half-wave
rectification is better than full-wave rectification when the
input power is low. +erefore, this paper designed a first-
order voltage doubling rectifier circuit using the half-wave
rectification, which is suitable for RF energy collection
antenna.

Using HFSS software to design the impedance matching
circuit, input filter part, rectifier part, and output filter and
then optimizing the rectifier circuit according to the desired
rectification efficiency and rectification voltage, this paper

got a voltage doubling rectifying circuit model shown in
Figure 11. After making the rectifier circuit with FR4 plate,
we connect the antenna and rectifier circuit together through
the coaxial line, which is shown in Figure 12.

Figure 9: Physical antenna made of FR4 plate.

Rf energy Low pass
filter

Rectifier
diode

Straight-
through filter

DC load

Rectifier circuit

Figure 10: Basic diagram for RF-DC.

Front side

Back side

Figure 11: Voltage doubling rectifying circuit model.

Antenna

First order voltage
doubling rectifier circuit

Figure 12: Material object of rectifying antenna.
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3. Heart Rate Sampling System

Environmental energy is characterized by instability and
weakness. When an energy module is in an unfriendly
environment, it is very likely that the module will not be
output. If the port voltage of each energy module is collected
in real time without judgment, the additional system power
consumption will be increased.

+erefore, according to the characteristics of environ-
mental energy, this paper designed a heart rate sampling
system driven by an environmental energy module. +e
sampling sequence obtained by the system can be approxi-
mated to a nonuniform sampling sequence, which is analyzed
by combining the theory of nonuniform sampling and re-
stored by the nonuniform sampling reconstruction method.

+e heart rate sampling system based on environmental
energy collection is shown in Figure 13. As the controller of
the system, the energy collector also needs to control the
heart rate sampling system, while the sampling system is
controlled by the output voltage of the environmental energy
module.

A(t) is the sampled signal. +e discontinuous energy
generated by the environmental energy drives the sampling
device to perform the sampling work; at the same time, the
sampling sequence is thus obtained. +e discontinuous
energy replaces the continuous energy supply in the existing
traditional sampling system to finish the original signal’s
sampling.

+e RTC is used to record the time of the sampling site,
and its primary responsibility is to provide an accurate time
baseline.

Due to the instability of environmental energy, the
sampling system is prone to power failure. +erefore, a low-
power power failure storage system “sample and hold” is
designed in this paper.

4. Energy Management Model and Simulation

Inmost environmental energy collection circuit topologies, a
DC-DC is configured for each energy collection module,
which greatly increases the overall energy consumption of
the system and reduces the energy utilization efficiency. +e
traditional environmental energy collection circuit is shown
in Figure 14.

+erefore, this paper designs an energy collection and
management module with only one DC-DC and only one
environmental energy output at the same time. In order to
ensure the maximum environmental energy will be output,

we should know which one is maximum, which means we
should establish a dynamic model of load to confirm the
maximum energy at every “current time” [27].

+is paper presents an energy management circuit to-
pology and its algorithm, which is called power trajectory
tracking for the first time. Its circuit topology is shown in
Figure 15.

It can be seen that there is only one DC-DC module in
this circuit topology, and all energy sources (except bat-
teries) use the same DC-DC, which can effectively reduce the
loss of environmental energy in the conversion process.
However, the problem caused by this topology is that energy
sources with different port voltages cannot output their
energy at the same time. Only one energy can be output at a
time, and other energies are temporarily stored by the
ultracapacitors.

During the operation of this circuit, two (or more)
energies may complete storing and need to discharge to the
load or to the battery. According to previous studies, the
order of energy release is generally determined according to
the current voltage of the energy module; that is, the one
with the highest voltage is the first to discharge. However,
due to the randomness of environmental energy and the
functional difference of different energy modules, the power
released by the energy module with a high voltage value is
not necessarily the maximum (the discharge current needs
to be considered).

Assume that the voltage and discharging power per unit
time of two energy modules are V1 and V2 and P1 and P2,

Environmental
energy module Energy collector

AAF

A (t)

sample and hold

RTC

quantization data processing

Figure 13: Structural diagram of heart rate sampling system.

RL

C1

Z

Environmental 
energy1

C2

Z

Environmental 
energy2

C3

Z

Environmental 
energy3

DC-DC
D1

DC-DC

DC-DC

D2

D3

Lithium battery DC-DC
D3

− +

Figure 14: Traditional environmental energy collection circuit
diagram.
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respectively. Even V1>V2, but P2> P1 may occur. In view
of this situation, in order to effectively improve the energy
utilization, the maximum power control strategy based on
power trajectory tracking is proposed for the first time in this
paper.

+e maximum power control strategy based on power
trajectory tracking is to control the discharge sequence of the
energy module in a sufficiently small period to ensure the
environmental energy discharge with the maximum power
output capacity at the moment, that is, to ensure the
maximum energy obtained by the load at the moment. Based
on this, the flow diagram of this energy management system
is designed as shown in Figure 16.

To effectively improve the efficiency of DC-DC, this
paper sets a voltage threshold, and only the energy module
that meets the threshold is allowed to output electric energy.

In order to ensure that the energy module with the
highest power discharges at any time, we must know the
discharge capacity of all energy modules. +erefore, we need
to measure the discharge power of all energy modules in
different environments, synthesize the power curve and save
them, and form a large database of power curves at last.

+is means that we need to track the power curve in the
current environment, similar to the trajectory tracking
strategy of robotic devices [28–30].

In a real system, how to define different environments is
an issue to consider. After studying enough environmental
energy collection modules, it is found that the port voltage of
the energy module has a certain proportional relationship
with the external environment. +erefore, the control
strategy in this paper stipulates that those different envi-
ronmental energies are determined by different energy
module port voltages.

+erefore, the above description can be summarized as
follows: we need to measure the discharge power of all energy
modules under different initial voltages, form and save power
curves under different initial voltages, and form a large
database of power curves under different initial port voltages.

+e procedure power track tracking of all power
modules that meet the voltage threshold is as follows:

(1) Measure the port voltage of all energymodules by the
heart rate sampling system and open the energy
modules meeting the voltage threshold 100 times in
turn to obtain 100 power points of different energy
modules.

(2) Fit the measured power points into P-t curves using
genetic algorithm.

(3) Select a small unit time, calculate the power integral
value in unit time according to this curve, save this
power integral value, and form a large database of
power integral values in unit time under different
energy modules and different voltage values.

Next, we will choose the power module with the max-
imum power integral value at the current time to discharge
to the load. During the discharge process, check whether the
voltage of each energy module has a voltage mutation or
whether the terminal voltage of the new energy module
meets the voltage threshold. If no, perform the previous
discharge sequence. If yes, check whether the power curve of
the energy module at the current voltage is stored in the
power curve database. If not, it is necessary to collect the
power values of 100 energy modules that meet the re-
quirements again and fit them into P-t curves, integrate
them again, and save and update the large database again.
However, if the data exists in the database, the energy
module to discharge at the next moment can be determined
directly according to the integral value of power per unit
time saved in the big data.

+e power integral large database saves the power in-
tegral values of different energy modules in a microperiod
under certain environmental conditions. Any change in the
output power of an energy module due to environmental
changes will be measured again and saved. +at is, the
database can self-update, self-preserve, and self-learn
according to the measurement system and according to the
learning results to determine the discharge sequence of
energy modules.+e above process shows that the longer the
system runs, the larger its database will be, but the more
efficient its execution will be.

RL

C1

GND1

+

Z

thermoelectric power

C2

Z

RF power

C3

Z

Other power

Q1

Q2

Q3

vs1

vs2

vs3

Controllable
DC-DC

Energy
integrated
controller

Rechargeable 
Lithium
battery

D1

−

Figure 15: Energy management circuit topology. C1, C2, and C3 are ultracapacitors, VS1, VS2, and VS3 are voltage sensors of the heart rate
sampling system, Q1, Q2, and Q3 are three controllable audions, and D1 is a single guided diode.
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+e database does not use the original discharge power
curve of the energy module (which can be obtained from the
factory manual of the energy acquisition module) but uses
the power curve synthesized by the real-time measuring
system as a reference, which effectively avoids the error
between the original power curve and the actual power curve
caused by the decrease of the hardware working efficiency.

To sum up, the system can always maintain the maxi-
mum power output, effectively improve the utilization of
environmental mixed energy, and improve the endurance of
wearable devices.

In order to verify the effectiveness of the algorithm, a
mixed environmental energy collection and management
system model was established in Simulink, as shown in
Figure 17.

Models ① and ② are RF energy collection and
thermoelectric energy collection as clearly shown in
Figures 18(a) and 18(b). To increase the output power
of the thermoelectric collector, the temperature of the
hot side is assumed to be 329 degrees Fahrenheit, and
the cold side temperature is varied by the following
formula:

Tc � 0.5∗ t.
(1/8)

+ 1)􏼐 􏼑.∗ cos(0.5∗ t) + 325, (20)

where Tc is the cold side temperature.
Model ③ is the mixed energy collection controller

within the heart rate sampling system algorithm and the
maximum power control algorithm based on power tra-
jectory tracking.

Selected power modules
discharge for 100 times in

turns

Fitting P- t curve by genetic 
algorithm

Check whether the 
current voltage of the 

power module meets the 
threshold

Take a tiny time △t, calculate the
integral ‘P’, and update and save the 

database of discharging power in the 
tiny time 

Discharge the energy
module with the highest

integrated power

Check whether
the voltage saltates or the

new voltage meets the
threshold

no

No

yes

Whether the
p-t Curve at this initial voltage

is available in the
database

yes

yes

no
Obtain 100 power Values 

power modules 
‘P’ for each selected 

Figure 16: Flow diagram of maximum power control strategy based on power trajectory tracking.
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In the experiment, the RF energy module will collect the
radiation energy from a router. Assume that the radiated
power of the router changes to 1W–3W (randomly) and the
RF energy collection circuit is placed in the far-field area of
the router with a distance of 10 cm.

+e output power curve was obtained as shown in
Figures 19(a) and 19(b), under the condition of fixed load
and randomly input within the preset interval.

According to the assumed power output curves of the
two environmental energy modules, combined with the
circuit topology and maximum power control strategy based
on power trajectory tracking of this paper, the MATLAB
simulation results are shown in Figure 20.

In Figure 20, we can see that the output power curve of
the system is similar to Sine. Its highest point was 8.2W
(appeared at t� 6.3 s), and its lowest point was 4W
(appeared at t� 12.8 s). +e sum of the two inputs in Fig-
ure 19 is 8.4W when t� 6.3 s and 4.15W when t� 12.8 s. By
comparing the two sets of data, it is proved that the energy
utilization ratio of the circuit topology combined with the
maximum power algorithm is 97% at the maximum power
and 96% at the minimum power. +e simulation results
show that the maximum power algorithm can keep high
environmental energy utilization of the system.

+e unreleased energy in the system is stored in the
ultracapacitors and released only after the maximum power
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condition is met. +e smaller the minimum time Δt in the
system is, the better the system control effect is. However,
calculating the integral under too small Δt will occupy a lot
of computing resources and increase the energy con-
sumption of the system. +erefore, Δt� 0.1ms is adopted in
this paper.

5. Experimental Tests

In this paper, a real mixed energy control circuit is designed
according to the circuit topology in the figure, using 100Ω
resistance as the load. In order to accurately verify the output
effect of environmental energy, lithium batteries were not
used in this experiment.

After testing the output curve of a single energy module,
try to keep the environmental conditions unchanged
(according to the theory of air flow rate and heat transfer, air
flow has a great impact on the thermoelectric module, so it is
difficult to ensure the condition’s consistency).

We use the oscilloscope to observe the power curve on
the load and set the oscilloscope time axis (horizontal axis)
to 0.5 s one grid. +e test result is shown in Figure 21.

In an effort to keep the environmental conditions of the
single module measurement and the system measurement
constant, the output powermeasured on the load is shown in
Table 3.

+ere will be a measurement error due to measurement
accuracy, environmental conditions, and so on. As shown in
Table 3, the mixed energy management system ensures the
high efficiency of environmental energy output through the
method of maximum power control strategy based on power
trajectory tracking.

6. Conclusions

In this paper, the model of thermoelectric collector and RF
energy collector and the management model of two kinds of
mixed energy are established by MATLAB. +e discharge
sequence of two kinds of energy modules is controlled by
heart rate acquisition algorithm and power trajectory
tracking algorithm. Simulink is used to simulate the above-
mixed energy management model and maximum power
trajectory tracking algorithm. Based on the simulation re-
sults, a mixed energy collection and management system is
designed, and the effectiveness of the maximum power
trajectory tracking algorithm is verified by experiments.

In the following research process, this paper will set more
rigorous environmental conditions, use more environmental
energy modules of different power levels, optimize control
strategies, optimize experimental testing methods, and so on

in order to achieve a better maximum power output effect of
environmental energy.
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