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Abstract. In wind turbine tower (WTT) bolt health
monitoring, traditional energy harvesting devices have
low efficiency, insufficient energy conversion efficiency,
high energy consumption of monitoring systems, and
insufficient system integration and optimization. This
paper proposed a new energy self-powered technology to
achieve long-term and continuous health monitoring of
WTT. It designed an efficient energy harvesting device
that used natural energy such as wind turbine tower
vibration and temperature change to achieve energy
harvesting, optimized materials and structures, improved
energy harvesting efficiency, and ensured a long-term
stable supply of energy sources. The paper used an
efficient energy conversion module to convert the
collected mechanical energy and thermal energy into
electrical energy, and uses high-capacity energy storage
devices for storage, so that the system can operate stably
without an external power supply. Energy self-power
supply technology can be effectively integrated with the
health monitoring system, and low-power sensors and
wireless data transmission modules can be designed to
reduce the system’s overall energy consumption and
ensure the real-time collection and transmission of health
monitoring data. Intelligent scheduling algorithms
optimize energy usage strategies so that energy resources
can be reasonably allocated, avoiding excessive
consumption of limited energy by the system and
realizing long-term stable operation of the WTT
monitoring system. The experimental results show that
the energy conversion rate of the designed energy
harvesting device is 81.7% at a frequency of 100Hz and
79.4% at a high temperature of 100°C, showing obvious
advantages in efficiency under vibration frequency and
temperature changes. The power consumption of the
wireless data transmission module of the self-powered
system increases from 15 kW in 6 hours to 22 kW in 24
hours, and the power consumption of the energy
management module increases from 12 kW to 18 kW.
The power consumption remains low, which is suitable
for long-term monitoring tasks.

Key words. Wind Turbine Tower, Bolt Health
Monitoring, Energy Self-Powered Technology, Energy
Harvesting Device, Intelligent Scheduling Algorithm
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1. Introduction

Health monitoring of wind turbine tower (WTT) bolts is
crucial to the stability and safety of wind power
generation systems because bolts are key components
connecting wind turbines to other components, and their
health status directly affects the normal operation of
wind turbines [1,2]. However, traditional monitoring
systems face many challenges, especially regarding
energy supply and system integration. Existing
monitoring technologies rely on external power supplies
or frequent battery replacement, increasing operation and
maintenance costs and limiting the feasibility of remote
and long-term monitoring. Since wind turbines are
located at high altitudes or in remote areas, it is very
difficult to obtain external power supplies. At the same
time, environmental factors such as vibration and
temperature differences provide potential opportunities
for energy collection, but existing equipment has
significant deficiencies in energy collection and
conversion efficiency. To achieve long-term and stable
monitoring, problems such as unstable energy supply,
poor system integration, and low energy conversion
efficiency must be solved [3,4].

WTT health monitoring systems face many challenges in
traditional applications. Existing systems rely on external
power supplies, affecting the system’s stability by the
external power supply, and remote and long-term
monitoring cannot be achieved [5,6]. Wind turbine
towers are located at high altitudes or in inaccessible
areas, and external power supply is difficult to obtain
[7,8]. Traditional monitoring methods are
battery-powered, and battery replacement and
maintenance are frequent, which, to a certain extent,
increases the operation and maintenance cost and
complexity of the system [9,10]. The energy harvesting
devices on the market are inefficient, and the energy
conversion rate cannot meet the needs of efficient
monitoring. The environmental factors of WTT are
complex. Vibration and temperature changes can provide
the potential for energy harvesting, but the existing
equipment has low efficiency in collecting and
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converting these energy sources [11,12] and cannot
provide sufficient power support for long-term
monitoring. Traditional energy conversion modules do
not fully utilize natural energy, such as temperature
differences and vibrations, and cannot guarantee stable
operation of the system without an external power supply
[13,14]. Regarding system integration, existing
technologies lack effective integration of different
functional modules. The power consumption of various
devices, such as sensors and wireless transmission
modules, is high, and low power consumption and
long-term continuous operation cannot be achieved
[15,16]. The power consumption of sensors limits the
frequency of data collection and transmission to a certain
extent, and the real-time and accuracy of monitoring data
are affected. These systems have significant problems in
energy collection and conversion efficiency, energy
supply stability, and system integration optimization
[17,18]. Traditional monitoring systems lack intelligent
scheduling mechanisms and cannot reasonably allocate
limited energy resources according to real-time energy
demand. The system may suffer from excessive
consumption or energy waste during use. These problems
are prominent in complex environments and also limit
the widespread application and effectiveness of WTT
bolt health monitoring systems [19,20]. The traditional
WTT bolt health monitoring system has severe technical
bottlenecks in energy self-power supply, system
integration, energy management, etc., and a more
efficient, stable, and durable energy supply solution is
needed to meet the needs of long-term and stable
monitoring of WTT.

This paper designs and implements a new energy
self-power supply technology to support long-term
health monitoring of WTT bolts. The existing monitoring
system faces problems such as unstable energy supply,
low efficiency, and low system integration. The study
adopts innovative energy harvesting and conversion
technology, explores utilizing natural energy such as
WTT vibration and temperature difference, designs
efficient energy harvesting devices, improves energy
conversion efficiency, and provides continuous and
stable power support for the monitoring system. It can
reduce the system’s energy consumption, allowing it to
run stably for a long time without an external power
supply. It uses low-power sensors and wireless data
transmission modules to reduce the power demand of
each module in the traditional system and combines
high-capacity energy storage devices to achieve efficient
storage and use of energy. It can design intelligent
scheduling algorithms to allocate the energy resources of
the system reasonably, avoid excessive consumption of
limited energy, and ensure the efficient operation of the
monitoring system. This research aims to build an
efficient, stable, and low-power WTT bolt health
monitoring system to overcome the limitations of
existing technologies in energy supply, system
integration, and data transmission. This can achieve
continuous monitoring of WTT bolts, ensure the safe
operation of wind turbines, and provide a technical
solution that can be used as a reference for similar
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applications.
The main contributions of this paper are as follows:

1) Innovative self-powered technology: this paper
proposes a new energy self-powered technology that
realizes the long-term stable operation of the WTT bolt
health monitoring system by utilizing natural energy
such as vibration and temperature difference of WTT for
energy collection and conversion.

2) Efficient energy collection and conversion design: this
paper designs an efficient energy collection device that
can effectively extract energy from the vibration and
temperature difference of wind turbine towers and
improves the energy collection efficiency by optimizing
materials and structures.

3) Intelligent scheduling algorithm and low-power
system integration; by designing an intelligent
scheduling algorithm, the energy use strategy of each
module in the system is optimized to avoid excessive
consumption of limited energy resources and ensure the
long-term stable operation of the monitoring system.

The main framework of this paper is as follows: firstly,
the introduction emphasizes the importance of bolt health
monitoring of WTT. It points out the challenges of
current monitoring systems in terms of energy supply.
Next, the related work section reviews the research status
of related fields. Then, the design principles, methods,
system integration, and optimization of the proposed new
energy self-powered technology are elaborated in detail,
including the structural design and material optimization
of energy harvesting equipment, the optimization of
energy conversion and storage systems, and the
integration of self-powered monitoring systems.
Subsequently, the effect of the method is evaluated,
including the evaluation of wireless transmission
performance, energy conversion efficiency, monitoring
system power consumption, and data transmission
stability. Finally, the conclusion summarizes the main
contributions of this paper, points out the shortcomings
of the research, and looks forward to future research
directions and application prospects.

2. Related Work

Regarding the optimization research of wind turbine
health monitoring systems, the traditional method mainly
focuses on energy collection and conversion technology.
Some studies have proposed a wind turbine health
monitoring system based on vibration energy collection,
which successfully provides partial energy support by
converting the energy of tower vibration [21,22]. Kaur N
used the direct piezoelectric effect to collect energy from
wind vibration and environmental structural vibration,
focusing on analyzing the performance of lead zirconate
titanate patches under different conditions, and used
experimental and numerical methods to evaluate the



potential of energy harvesting to provide sustainable
energy support for low-power electronic devices [23].
However, this method has low energy conversion
efficiency and cannot meet the requirements of long-term
stable operation. Some studies have used thermoelectric
power generation technology to convert the thermal
energy of WTT into electrical energy [24,25]; Cao H
proposed a hybrid wind energy collection system that
integrates piezoelectric and electromagnetic mechanisms
to use canyon side winds to power low-power sensors for
bridge health monitoring. The system has high energy
conversion performance and mechanical stability at low
wind speeds, providing reliable power support for
self-powered sensor systems [26]. This method has made
some progress in energy collection, but the sustainability
of the system's energy supply is still insufficient and
highly dependent on environmental conditions. The
energy collection and conversion technology in existing
research has not yet reached the ideal level of high
efficiency, low energy consumption, and long-term stable
operation and faces a sizeable technical bottleneck.

Regarding the energy supply problem, recent research
has attempted to improve the comprehensive
performance of energy collection and monitoring
systems through a variety of innovative means. Some
scholars have proposed a hybrid energy harvesting
method that combines mechanical energy and thermal
energy for wind turbine monitoring systems, which has
improved the energy conversion efficiency of the system
to a certain extent [27,28]. Prasad R proposed a
coordinated frequency regulation control mechanism that
combines modified pitch angle control and tuned rotor
speed control to optimize the frequency regulation
performance of wind farms and reduce mechanical stress.
This method can effectively improve the response
capability under constant and variable wind speeds, and
real-time simulation has verified its robustness and
superiority [29]. Hybrid energy harvesting systems still
face challenges such as unstable energy collection and
insufficient system optimization when facing complex
environmental changes. Some studies have adopted
improved material design to enable energy conversion
modules to maintain a high energy conversion rate in
low-temperature environments and have made some
progress. However, these methods still lack system
integration and low-power sensor design [30,31]. This
paper designs an efficient energy harvesting device,
combined with an intelligent scheduling algorithm and a
low-power sensor, which can effectively overcome the
shortcomings of existing technologies in energy
collection, system stability, and integrated optimization
and provide a new solution for WTT bolt health
monitoring.

Of course, ensuring data security is also an essential task
during the data transmission process. Using encryption
and steganography methods to achieve data security on
insecure and open networks (such as the Internet) can
improve data communication security. Varghese F
proposed a comparison method using several encryption
algorithms, considering several factors such as block size,
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key size, encryption speed, memory usage, and security
level [32]. Wei H introduced an Al-enhanced anonymous
traffic filtering framework with terminal anonymization.
The framework uses the Inception-SelfAttBiGRU model
to filter malicious traffic. It includes a credibility-based
filtering mechanism before the module to reduce network
load and improve the system efficiency of these
consumer electronic products [33]. Qamar S proposed a
new method for secure cloud data transmission and
enhanced routing through hybrid machine learning
technology [34]. Zhang H started from idle roadside
units and studied how to stimulate roadside units to
transmit  interference power to interfere  with
eavesdroppers, thereby efficiently and economically
improving the security performance of mobile user data
transmission [35].

3. Methods

In the bolt health monitoring of WTT, the physical
principles of flow quality assessment involve the
efficiency of energy collection, conversion, storage, and
distribution. First, mechanical vibration and temperature
differences provide the source for energy collection. The
energy conversion device matches the vibration of the
tower body through the resonant frequency to maximize
the energy collection efficiency. In contrast, the thermal
energy is converted into electrical energy through the
thermoelectric converter using the temperature difference.
Next, the collected energy is converted into electrical
energy through the high-efficiency conversion module
and stored in a large-capacity energy storage device. The
key to flow quality is to reduce the loss during energy
conversion and storage to ensure that the monitoring
system can operate continuously and stably. Finally, the
intelligent scheduling algorithm optimizes energy
distribution. It avoids excessive consumption so that the
system can reasonably allocate energy according to
real-time needs and maintain low power consumption
and long-term stable monitoring functions. These factors
together determine the energy flow quality of the entire
system and ensure that the self-powered monitoring
system can operate efficiently and stably.

A. Design of Energy Harvesting Device

This paper designs an efficient energy harvesting device
that uses natural energy, such as WTT vibration and
temperature change, to achieve energy harvesting. By
optimizing materials and structures, the energy
harvesting efficiency is improved to ensure a long-term
stable supply of energy sources.

1)  Structural Design of Energy Harvesting Device

This study designs an efficient energy harvesting device
that integrates vibration energy and temperature energy
to improve the energy harvesting efficiency of the WTT
bolt health monitoring system. The structure of the
device uses a combination of multiple natural energy
collection technologies to maximize the energy



acquisition rate. The characteristics of WTT vibration are
analyzed, and piezoelectric materials and
electromagnetic induction devices suitable for the
frequency range are selected to convert vibration energy
into electrical energy effectively. The device structure
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Figure 1. Working principle and structure of energy harvesting device.

The energy harvesting of the WTT bolt health
monitoring system's working principle and structure is
shown in Figure 1. The system collects natural energy
through two methods: the vibration energy harvesting
module and the temperature difference energy harvesting
module. It uses piezoelectric elements and thermoelectric
modules to convert mechanical vibration and
temperature difference into electrical energy. The
converted electrical energy is processed by an efficient
energy conversion module and stored in a high-capacity
energy storage device to ensure the system’s stable
operation when there is no external power supply. The
entire energy harvesting device is tightly integrated with
the health monitoring system, using low-power sensors
to collect the WTT bolts’ status data and using a wireless
data transmission module to transmit it to the remote
platform in real time. Structural optimization and
material optimization improve the collection efficiency
of vibration energy and temperature difference energy,
respectively, ensuring efficient energy utilization of the
system; the system uses intelligent scheduling algorithms
to reasonably allocate energy resources, ensure long-term
stable energy supply, and achieve real-time and
reliability of health monitoring.

The acquisition of vibration energy mainly relies on the
superposition  effect of piezoelectric  elements.
Optimizing piezoelectric elements’ performance requires
a special shape design, wusing bending and
multi-frequency coupling technology [36,37] to ensure
stable electrical output within a wide frequency band.
The vibration energy conversion formula is as follows:
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dv;
])vibration = Z, ]Zcz( dt j (1)

P

vibration

element, C.

i

is the power converted by the piezoelectric

is the capacitance of the i th

i

piezoelectric element, and is the voltage change

rate of the i th element. The system stability and
energy collection capability are improved by combining
multiple elements in series and parallel. For the
temperature change of WTT, the research and design of
an energy harvesting module based on the thermoelectric
effect converts temperature difference into electrical
energy; the thermoelectric module is composed of
thermocouples of two different materials, and the contact
interface and cooling system are optimized so that the
temperature difference can continuously and stably
generate voltage during long-term operation. The
conversion formula of thermoelectric energy harvesting
is:

P =0-AT-4-0 (2)
P, Tepresents the output power of the thermoelectric
module, is the thermoelectric potential of the

thermoelectric material, AT is the temperature
difference between the two ends, A4 is the effective
area of the thermocouple, and o is the electrical
conductivity of the thermoelectric material. The
optimized selection of materials and structural
improvements have improved the energy collection



efficiency of the thermoelectric module under
low-temperature differences, allowing the energy
generated by WTT vibration and temperature changes to

supply power to the health monitoring system stably. The
thermal energy collection module's material property is
shown in Table 1.

Table 1. Material properties of thermal energy collection module.

Module Layer Thermal Conductivity (W/m-K) | Thickness (mm) | Primary Function

Thermal Conduction Layer 256 0.8 Enhances heat transfer efficiency

Thermoelectric Conversion Layer | 193 1 Conv_erFs temperature gradient into
electricity

Insulation Layer 0.02 5 Reduces heat loss

(a)

(b)

Figure 2. Energy harvesting module. (a) vibration energy harvesting module; (b) temperature difference energy harvesting module.

Figure 2 shows the energy harvesting module. The size
of the vibration energy harvesting module is 12cm x
12cm x 16 cm. It is suitable for installation in the parts
where the wind turbine tower vibrates frequently. The
module uses piezoelectric materials or electromagnetic
induction principles to convert the low-frequency
vibration generated by the wind turbine tower into
electrical energy. The output power is usually between 10
W and 50 W, depending on the vibration amplitude and
frequency. The module is suitable for environments with
wind speeds of 3 m/s to 12 m/s and can stably collect
low-frequency vibration energy. The size of the
temperature difference energy harvesting module is 8cm
x 8cm x lem. It uses the temperature difference inside

and outside the wind turbine tower for energy conversion.

The output power is between 50 W and 100 W,
depending on the size of the temperature difference and
the efficiency of the thermoelectric material. The module
is suitable for environments with a temperature
difference range of 20°C to 100°C, can continuously
provide stable electricity, and performs well in areas with
large temperature fluctuations.

2) Material and Structure Optimization

The study optimized material selection and structural
design to improve the energy harvesting device’s overall
efficiency and long-term stability. Through comparative
analysis of the performance of various materials, alloy
materials with higher specific energy were selected for
the frame and key components of the energy harvesting
device. The selection of materials considers conductivity
and weather resistance and focuses on its stability under
long-term operation, mainly reliability in high vibration
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and temperature fluctuation environments. The study
also adopted an asymmetric material layout to improve
the energy collection efficiency of the overall device,
focusing on enhancing the energy collection capabilities
of those areas with higher vibration intensity and
improving the system’s energy output under various
working conditions.

Regarding structural optimization, a lightweight and
compact energy harvesting unit was designed to meet the
WTT working environment. A refined design was
adopted to reduce the weight and volume of the device
and ensure effective coordination between the various
harvesting modules. A simulation method based on finite
element analysis was used here to comprehensively
optimize the device’s vibration characteristics and stress
conditions to maximize the energy harvesting efficiency.
The piezoelectric elements and thermoelectric modules
in the device are fixed with a specific mechanical
structure, which can effectively absorb external
vibrations and temperature changes without affecting the
normal operation of the tower; the device with an
optimized structure can effectively avoid the problem of
energy collection efficiency decline caused by material
fatigue or device aging.

The optimized energy harvesting device can achieve
stability during long-term operation through material
selection and structural design in the multi-energy source
integrated design. Given the energy demand of the WTT
bolt health monitoring system, the following formula is
used to describe the matching of the system power
demand and the energy harvesting device:



})wtal = Libration +Pthermal +P0ther (3 )
P,. 1s the total power demand, P, ... 1s the
vibration energy harvesting power, P, .. is the
thermal energy harvesting power, and P, is the

power of other potential energy harvesting sources. The
system integration optimization of the device allows the

energy harvesting device to maintain a high power
output under different working conditions of WTT,
ensuring a long-term and stable energy supply.

The optimization of the above material selection and
structural design ultimately realizes an energy harvesting
device that can work efficiently, long-term, and stably,
providing reliable self-powered support for the WTT bolt
health monitoring system.

Table 2. Collection of material properties of energy harvesting device.

. Elastic Modulus | Density Thermal Conductivity . L
Material Type (GPa) (ke/m?) (W/m-K) Main Application Area
Aluminum Alloy 70 2700 237 Vibration harvester body
Stainless Steel 200 7850 16 Fixing structure
Carbon Fiber Composites 150 1800 5 Vibration-enhancing film
Thermally Conductive 3 1200 289 Thermal energy conversion module
Polymer
Titanium Alloy 110 4500 21 High-strength frame
High-Temperature Alloy 180 8200 22 Thermal energy harvesting - under
extreme conditions

Table 2 lists the materials used in the WTT bolt health
monitoring system and their key physical parameters,
including elastic modulus, density, and thermal
conductivity. The choice of materials is crucial for the
design of energy harvesting devices. Table 2 shows
aluminum alloy, stainless steel, carbon fiber composite
materials, etc. They are used in vibration pickups, fixed
structures, and vibration enhancement films, respectively,
to enable the system to operate stably in different
environments. Titanium alloys and high-temperature
alloys can also be used as alternative materials. They
have high strength and high-temperature resistance, are
suitable for extreme working conditions, and can
improve energy collection efficiency and system
reliability. A reasonable selection of materials can
effectively improve the performance of energy collection
devices and ensure a long-term stable energy supply.

B. Energy Conversion
Optimization

and  Storage  System

By using efficient energy conversion modules, the
collected mechanical and thermal energies are converted
into electrical energy, and stored using high-capacity
energy storage devices, the system can operate stably
without an external power supply, meeting the long-term
needs of WTT bolt health monitoring.

1) Energy Conversion Module Optimization

The study adopted an efficient energy conversion module
to improve the efficiency of the energy collection system,
converting the mechanical energy and thermal energy
collected by WTT into electrical energy. For the
conversion of mechanical energy, an electromagnetic
induction energy conversion scheme was selected; this
scheme optimizes the shape and material of the coil,
reduces resistance loss, increases the magnetic field
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strength and relative movement speed, and improves the
output of the induced voltage. The device introduces
magnetic fluid damping technology to further improve
conversion efficiency, reduce system energy loss, and
increase the effective utilization of the magnetic field.

In actual energy conversion, the following conversion
efficiency calculation formula is set to ensure the
efficient operation of the electromagnetic induction
module:

2 3
B -A-v
[::lectmmagnctic :k : (4)
R
Mectromagnetic represents the power converted by

electromagnetic induction, & is a constant, B is the
magnetic field strength, v is the relative speed, and R
is the resistance. The layout design of the magnetic field
and coil is optimized to improve the power output of the
electromagnetic induction module and can more
efficiently convert mechanical energy into electrical
energy.

The conversion of thermal energy uses thermoelectric
modules for temperature difference conversion.
Considering the environmental changes monitored by the
WTT bolt, the working efficiency of the thermoelectric
module is greatly affected by the temperature difference,
material properties, and contact surface. To optimize the
performance of the thermoelectric module, alloy
materials with a high thermoelectric effect are selected,
and the microstructure of the thermocouple contact
surface is optimized to reduce thermal resistance and
increase current output. Based on the optimized
thermoelectric  module, materials with  higher
thermoelectric potential and optimized structural design
are selected to maximize the voltage output generated by



the temperature difference and improve the overall
conversion efficiency of the system.

2) Design and Optimization of Energy Storage

System

A high-capacity energy storage system is designed to
ensure the long-term stable operation of the WTT bolt
health monitoring system without an external power
supply. The energy storage equipment uses a
combination of high-energy-density supercapacitors and
lithium batteries to meet different power requirements
while extending the system’s life. An efficient charge and
discharge management algorithm is used to optimize the
overall performance of the energy storage system, and
accurate battery health status estimation is used to extend
the battery life and avoid the risk of overcharging and
over-discharging.

The main advantage of supercapacitors is their fast
charging and discharging capabilities. They are used as
support devices for high-frequency short-term loads. In
the design of energy storage modules, supercapacitors
are combined with lithium batteries, and the intelligent
battery management system is used to adjust the current
output and energy storage strategy. The two energy
storage devices complement each other to achieve the
best energy storage efficiency. The power calculation
formula of the energy storage system is as follows:

1
[;torage :ECsz (5)

Ponge 18 the energy storage system’s output power; C

is the energy storage device’s capacitance; V  is the
voltage; f is the charge and discharge frequency. The

energy storage device can provide stable power support
under different environmental conditions by selecting

suitable capacitors and optimizing battery management.

The study adopted a parallel mode to connect multiple
energy storage units to further improve the stability of
the energy storage system and used an energy balance
algorithm to achieve energy distribution in each unit,
avoiding the degradation of the overall system
performance caused by the energy attenuation of
individual units. The following formula characterizes the
energy attenuation problem of the system during
long-term operation:

E

decay — initial *

e—/lt (6)

Eyy 18 the remaining energy of the energy storage
device, E, .., 1s the initial energy, and A is the

attenuation coefficient. The scheduling and management
of the energy storage device reduces the speed of energy
attenuation, allowing the system to maintain the
long-term operation of the WTT bolt monitoring system
without an external power supply. The energy storage
system measures 20 cm x 20 cm x 10 cm, which is
suitable for accommodating high-capacity lithium
batteries or supercapacitors, and can effectively support
the system to continue working without external power.
The battery capacity is between 5000 mAh and 10000
mAh, and the voltage range is 3.7V to 12V, ensuring
stable power supply during long-term monitoring tasks.

The design and optimization of the above energy storage
system can effectively ensure that the WTT bolt health
monitoring system can operate stably and continuously
collect monitoring data for a long time without an
external power supply. This system optimization solution
improves the energy conversion efficiency. It enhances
the long-term stability of the energy storage system to
meet the needs of the WTT bolt health monitoring
system.
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Figure 3. Energy storage system charging and discharging process and the connection between various parts.
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Figure 3 details the key links between the energy storage
system’s charging and discharging process and the
connection between various parts. The energy storage
system consists of supercapacitors and lithium batteries,
and the two have a clear division of labor:
supercapacitors are responsible for rapid energy storage
and release to cope with the system's high power demand
in a short period. Lithium batteries provide long-term
continuous power to ensure the stability of system
operation; the energy management system schedules the
charging and discharging process of supercapacitors and
lithium batteries in real time, and uses intelligent
algorithms and environmental monitoring data to
optimize energy distribution strategies to avoid energy
waste or shortages. During the monitoring and
optimization phase, the system can conduct real-time
evaluation of the charging and discharging efficiency,
collect relevant data, and analyze it to stabilize the
performance of the energy storage equipment. Based on
the results of real-time data analysis, the system can
dynamically adjust the operation strategy to further
improve the overall efficiency of the energy storage
system and provide a long-term and reliable energy
guarantee for the WTT bolt health monitoring system.

C. Self-Powered Monitoring System Integration

Energy self-powered technology can be effectively
integrated with the health monitoring system, and
low-power sensors and wireless data transmission
modules can be designed to reduce the system’s overall
energy consumption and ensure real-time collection and
transmission of health monitoring data.

1)  Low-Power Sensor Design and Optimization

The research designed a low-power, multifunctional
sensor module to reduce the energy consumption of the
self-powered  monitoring  system and  ensure
high-precision collection of health monitoring data,
specifically for health status monitoring of WTT bolts.
The sensor is based on piezoelectric effect and strain
measurement technology, optimizes the structure and
material of the sensing element, and achieves a balance
between energy consumption and sensitivity. The core

components of the sensor are made using
micro-electromechanical system technology, which
reduces power consumption and improves signal

response speed.

The energy efficiency ratio of low-power sensors is
quantified, and the optimization formula for the ratio of
sensor power consumption to signal strength is defined
as:

SNR
-2 @
PC (7

sensor
total

represents the energy efficiency ratio of the sensor,

nsensor
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SNR

represents the total power consumption of the sensor.
After optimizing the design of the sensor circuit, a
low-voltage, low-noise amplifier and a dynamic power
management circuit are used to maximize the signal
strength while reducing power consumption. The study
designed an event-triggered sampling mode, which starts
the acquisition when a key health status change is
detected, reducing unnecessary data acquisition and
energy consumption.

represents the signal-to-noise ratio, and PC,

A signal enhancement algorithm based on discrete
Fourier transform is integrated into the sensor data
processing module to filter out environmental noise and
improve data accuracy. The calculation formula is as
follows:

X (k) is the frequency domain signal component,

x(n) is the time domain sampling signal, N is the

number of sampling points, and % is the frequency
index. The use of an efficient hardware acceleration
algorithm to achieve real-time signal processing
improves the anti-interference ability of the sensor in
complex environments and ensures the reliability of
monitoring data.

2)

Wireless Data Transmission Module Design and
Energy Consumption Optimization

In response to the demand for real-time data transmission
in the WTT health monitoring system, a wireless data
transmission module based on a low-power vast area
network was studied and designed. Dynamic power
control technology was used to adjust the transmission
power according to the transmission distance and
channel conditions, thereby effectively reducing the
overall energy consumption of data transmission. The
module integrates advanced modulation technology
(such as LoRa modulation), which improves data
transmission’s  reliability =~ and  anti-interference
performance and reduces unnecessary  signal
transmission. The following formula is defined to
analyze the energy efficiency of the transmission
module:

P =P, +k-d’

base

(€))

P

tx

transmission, £,

and d is the transmission distance. The detailed
analysis and optimization of power consumption
distribution allow the adaptive transmission protocol to
adjust the transmission distance dynamically and
maintain the lowest power consumption at different

is the total power consumption of wireless

is the essential power consumption,

ase



distances. Combined with the compressed sensing
algorithm (CS) [38,39], the data transmission module
performs a sparse representation of the monitoring data
and only transmits important feature values to reduce
communication energy consumption.

To ensure the system’s real-time performance, a
transmission mechanism based on time synchronization
is implemented in the module, which uses low-frequency
signals to correct transmission delays. The correction
formula is as follows:

T;ync =T

send

+Ar (10)

T, is the time after synchronization, T, is the

sync send
original sending time, and Ar is the delay correction
value. After introducing the synchronization mechanism,
the packet loss rate is reduced, and the accuracy of
real-time transmission is improved. The transmission
module also supports multi-hop routing technology,
adapts to the complex network structure under different
WTT layouts, and ensures the stable transmission of a
wide range of health monitoring data.

The organic combination of low-power sensors and
wireless data transmission modules has achieved
efficient integration of the WTT self-powered monitoring
system; the low-power design ensures the long-term
stable operation of the sensor module, and the
energy-optimized  wireless  transmission  module
effectively reduces the energy consumption of the entire
system, meeting the real-time collection and transmission
requirements of health monitoring data.

D. System Optimization and Integrated Scheduling

Intelligent scheduling algorithms are used to optimize
energy usage strategies to ensure that energy resources
are reasonably allocated and to avoid excessive
consumption of limited energy by the system.

1) Design of Energy Allocation
Algorithm

Optimization

The WTT health monitoring system may be interrupted
due to excessive energy consumption during long-term
operation. A prediction model-based energy allocation
optimization algorithm is designed. The algorithm
considers the system's real-time energy demand,
predicted load changes, and energy collection rate and
rationally allocates limited energy resources. By
introducing deep reinforcement learning methods, the
system can dynamically adjust the sensor's operating
mode and data transmission frequency at every moment
based on current energy reserves and future energy
demand forecasts to optimize energy use.

Here, the system energy efficiency and energy loss
functions are defined to evaluate the effect of energy
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allocation:

used

E
&= Zi]\:l[é.max

i

5] (11)

E™ is the actual energy used by the i thnode; E™*

is the maximum energy consumption limit of the node;
o, is the priority coefficient of the node. The

i
optimization goal is to minimize the system’s total
energy consumption and ensure that all sensors and
communication modules can meet the real-time data
collection and transmission requirements.

Based on the deep reinforcement learning algorithm, the
system uses offline training to learn the energy usage
patterns in historical data. It continuously adjusts the
strategy in actual operation to optimize energy
distribution. Using intelligent scheduling, the system can
minimize energy consumption while meeting various
monitoring tasks, avoiding unnecessary energy waste
caused by unreasonable energy scheduling.

2) Load Prediction
Optimization

and Dynamic Scheduling

Based on energy allocation, a dynamic scheduling
optimization method based on load forecasting is
adopted. This method uses time series analysis and
machine learning technology based on historical load
data to predict the energy demand of each system
component in the future. This process uses an
autoregressive integral moving average model to predict
energy demand and calculate load changes in the future.
Based on this, the sensor’s working cycle and data
collection frequency are dynamically adjusted to avoid
wasting energy during low load periods or failure of
monitoring tasks due to insufficient energy during peak
load periods. The system uses the following formula to
predict and schedule the load:

i’Hl = OlLt +ﬁLt—1 +7'(Lt _Lt—l ) (12)

L,,, represents the predicted value of the load at the
next moment. L, and L,_, represent the load at the
current and the previous moments, respectively.

Optimizing these parameters can improve the accuracy
of load prediction. The dispatching system can
automatically reduce the frequency of sensor data
collection when the load is low by using the predicted
value, reducing the overall power consumption of the
system and achieving the purpose of saving energy.

Combined with the system energy status and task priority,
the scheduling system optimizes the execution order of
data collection, transmission, and storage tasks in each
cycle. The execution order and priority of tasks can be
adjusted dynamically to avoid delays in key tasks of the



system when energy is tight, ensuring the real-time
nature of data and the long-term stable operation of the
system. Based on the task priority and energy
consumption model, the system can optimize the task
scheduling strategy according to the following formula in
each scheduling cycle:

T = argmin(ijl(Pf "9, )) (13)

T, 1s the optimized task scheduling sequence. P, is

the energy consumption of task ;. &, is the task’s

priority. S is the total number of tasks. This scheduling
algorithm enables the system to effectively avoid uneven
distribution of energy resources and achieve optimal
energy use and task scheduling.

With load prediction and dynamic scheduling
optimization strategy, the system can reasonably allocate
limited energy resources under various operating
environments, adjust the operating strategy when facing
sudden load changes, and ensure the long-term stable
operation of the WTT bolt health monitoring system.
This optimization method improves the system’s energy
efficiency, extends the working cycle of the self-powered
monitoring system, and meets the real-time and
high-efficiency requirements of the monitoring task.

In general, this paper designs a new type of energy
self-powered technology, which mainly collects energy
by utilizing natural energy such as vibration and
temperature difference of WTT. The specific methods

include: First, an efficient energy collection device is
designed to extract mechanical energy and thermal
energy from the vibration and temperature difference of
the tower body, and the collection efficiency is improved
by optimizing materials and structures. Then, an efficient
energy conversion module is used to convert the
collected mechanical energy and thermal energy into
electrical energy, and it is stored through a high-capacity
energy storage device to ensure that the system can
continue operating without an external power supply. In
addition, to reduce energy consumption, the system uses
low-power sensors and wireless data transmission
modules and optimizes energy distribution through
intelligent scheduling algorithms to avoid excessive
energy consumption and ensure the long-term stable
operation of the system.

4. Method Effect Evaluation

This paper simulates the working conditions of a wind
power tower in an experimental environment and uses
vibration and temperature change test methods to
evaluate the performance of the designed energy
harvesting device. Specific tests include measuring the
energy conversion efficiency under different frequency
and temperature conditions. In addition, the authors also
evaluate the power consumption changes of the system
during continuous operation through long-term
monitoring experiments, such as the power consumption
changes of the wireless data transmission module and the
energy management module, to verify the system’s
stability, energy efficiency, and adaptability. Table 3
shows the parameters of the targeted wind turbine.

Table 3. Parameters of the targeted wind turbine.

Parameter Value Unit Description

Rotor Diameter 120 m Diameter of the rotor, determining the swept area

Rated Power 2.5 MW | The rated output power of the wind turbine

Rated Wind Speed 12 m/s Wind speed at which the rated power is generated

Starting Wind Speed 3 m/s Minimum wind speed required to start generating power
Maximum Wind Speed 25 m/s Maximum design wind speed, beyond which the turbine stops
Operating Temperature -20~40 °C Temperature range in which the turbine operates

Weight 250 tons Total weight of the wind turbine

Tower Height 80 m Height of the tower, affecting wind capture efficiency
Maximum Rotation Speed 20 rpm Maximum rotational speed of the blades

Turbine Efficiency 40 % Efficiency of converting wind energy to mechanical energy
Monitoring System Power Consumption 10 \ Power consumption of the health monitoring system

A. Changes in Wireless Transmission Performance
and Energy Management

Figure 4 shows the changes in wireless transmission
performance and energy management in the WTT health
monitoring system. Figure 4a shows the relationship
between wireless transmission and power consumption.
The surfaces of different colors reflect the changes in
power consumption and show the dynamic trend of
power consumption at various distances and data loss
rates. As the transmission distance and data loss rate
increase, power consumption gradually increases. The
system’s energy efficiency is significantly affected by the
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quality of the wireless signal and the transmission
distance. Figure 4b focuses on the system’s energy
management, showing energy collection, energy
consumption, and net energy through different colored
areas. The net energy is the difference between collection
and consumption. As time goes by, energy collection and
consumption fluctuate periodically. The fluctuation of
energy is affected by WTT vibration and temperature
changes. By comparing the collected and consumed
energy, the stability and efficiency of the system in the
self-powered mode can be intuitively evaluated. Without
an external power supply, the system can continue to
operate stably.
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Figure 4. Dynamic changes in wireless transmission performance and energy management.

B. Energy Conversion Efficiency Evaluation

Figure 5 shows the energy demand and various energy
collections of the WTT bolt health monitoring system
within 24 hours. The energy sources are vibration energy,
thermal energy, and other energy, Other energy sources
are natural energy sources available in the environment,
such as solar energy and wind energy. These energy
sources are converted into electrical energy through solar
panels and wind power generation devices to provide
stable energy support for the system. The power required
by the system is provided by these devices, mainly used
to drive monitoring sensors, data acquisition modules,
wireless communication equipment and other loads. The
loads cover temperature and humidity sensors,
accelerometers, temperature sensors, data processing
units, etc. The power they consume ensures the
continuous and stable operation of the system. Vibration
energy increases during periods of high energy demand
in the system, showing a higher level of energy
harvesting, reflecting the positive correlation between
WTT vibration intensity and energy harvesting efficiency;
the amount of thermal energy collected is also high, and
the energy harvesting efficiency is high, reflecting the
impact of ambient temperature difference on energy
harvesting; other energy sources provide relatively stable
additional energy, with a more minor contribution, but
give stable support to system operation. The efficient
collection of vibration and thermal energy ensures the
system’s energy supply within 24 hours and effectively
meets the energy demand of WTT bolt health monitoring
during high-load periods.

The energy conversion efficiency evaluation is carried
out under different working conditions, monitoring the
system’s energy input and output, setting various
working conditions, temperature changes, and vibration
intensity, and simulating various scenarios in actual
operation. It can record the collection of natural energy,
such as WTT vibration and temperature changes, monitor
the output energy in real time, and ensure that the electric
energy generated by the energy conversion module can
be accurately obtained.

During the evaluation, high-precision measuring
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instruments are required to synchronously record the
input and output energy and evaluate the response ability
and stability of the conversion module based on the
energy changes under different working conditions. The
optimized energy collection and conversion performance
is compared with that of the traditional energy harvesting
device under the same conditions, and the adaptability
and efficiency under different environmental factors are
studied. The evaluation results provide an essential basis
for the subsequent optimization design. Under changing
environmental conditions, the system can efficiently and
stably convert and store energy.

Figure 6 shows different energy harvesting devices’
energy conversion efficiency performance under
vibration frequency and temperature changes. Figure 6a
shows the comparison between vibration frequency and
energy conversion efficiency. The energy conversion
efficiency of the designed energy harvesting device at
different vibration frequencies is significantly better than
that of traditional piezoelectric and thermoelectric
devices. The efficiency of the designed device increases
steadily with the frequency increase, from 74.5% to
81.7%, showing good high-frequency adaptability. The
efficiency increase of piezoelectric and thermoelectric
devices is relatively small. These two traditional devices
have limited energy conversion capabilities under
high-frequency vibration and low overall efficiency. The
efficiency improvement of the designed device during
frequency changes is more significant and is more
suitable for the advantages of high-frequency vibration
environments. Figure 6b shows the comparison between
temperature and energy conversion efficiency. Under the
condition of temperature change, the designed device
also shows strong energy conversion ability, and its
efficiency increases from 75.0% to 79.4%. The designed
device can adapt to temperature changes, and its
efficiency increases steadily with the increase in
temperature; the efficiency of piezoelectric and
thermoelectric devices increases more slowly. The
changes show that the adaptability of the traditional
device under temperature changes is not as good as that
of the designed device, and the efficiency improvement
is limited. The efficiency of the designed device under
vibration frequency and temperature changes show
apparent advantages.
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C. Monitoring  System  Power  Consumption
Evaluation
Monitoring system power consumption evaluation

requires long-term continuous operation testing to record
the actual power consumption of the system in different
periods. High-precision power monitoring instruments
can be used to track the power consumption of various
parts of the system in real time, focusing on the energy
consumption performance of the wireless data
transmission module and the energy management
module.

The power consumption data of the optimized energy
self-powered system can be compared with that of the
traditional system under the same conditions to clarify
the impact of optimization measures on reducing system
power consumption. The system’s stability in low-power
mode can be analyzed, and its power consumption
fluctuations during long-term operation can be evaluated
to examine whether the system can maintain a
continuous and stable working state without exceeding
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energy resource constraints. This evaluation provides a
basis for subsequent adjustments and optimization
designs to ensure the system can achieve long-term
stable operation under energy-constrained conditions.

Figure 7 shows the power consumption comparison
between a self-powered system and a traditional system.
The power consumption of energy self-powered system
is generally low, and the power consumption shows a
certain growth trend over time. The power consumption
of the wireless data transmission module of the
self-powered system increases from 15 kW in 6 hours to
22 kW in 24 hours. The power consumption of the
energy management module increases from 12 kW to 18
kW. These changes show that the power consumption of
the energy self-powered system improves over time, but
the overall power consumption remains at a low level,
which is suitable for long-term monitoring tasks. The
power consumption of the traditional system is higher,
and the wireless data transmission module increases from
25 kW for 6 hours to 32 kW for 24 hours. The power
consumption of the wireless data transmission module
increases significantly, showing the high demand of the



traditional system in energy consumption under
continuous operation. These changes reflect the
unsustainability of the energy consumption of the
traditional system, and additional power support is
needed when facing the challenges of long-term
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operation. The optimized energy self-powered system
performs well in power consumption control, can operate
stably, and can successfully complete long-term health
monitoring tasks without relying on an external power

supply.
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Figure 7. Power consumption comparison between self-powered system and traditional system.

D. Data Transmission Stability Evaluation

In the data transmission stability assessment, different
transmission frequencies are set as actual operating
conditions to test the transmission performance of the
system under various conditions. Special test tools are
configured to monitor the sending and receiving of data
packets in real time, and record key indicators such as
data packet loss rate and transmission delay.

0.25 T T T

The test can be repeated many times to ensure the
stability and reliability of the measurement results. The
performance of the optimized system is compared with
that of the traditional system under the same test
conditions to evaluate the effect of the optimization
measures on the stability of data transmission. The
evaluation provides a practical basis for optimizing the
design of the data transmission module to ensure that the
monitoring data can be transmitted to the target terminal
in a timely and accurate manner.

300

T T T

02r

[ Packet Loss Rate Before Optimization
[ Packet Loss Rate After Optimization

= Transmission Delay Before Optimization
—— Transmission Delay After Optimization

1280

1260

015

Al

Packet Loss Rate (%)

0.05

1240

1220

1200

1180

Transmission Delay (ms)

1160

1140

1120

5 10 15
Transmission Frequency (Mbps)

100

20 25 30

Figure 8. Comparison of packet loss and transmission delay before and after optimization.

Figure 8 compares the packet loss rate and data
transmission delay of the system at different data
transmission frequencies before and after optimization.
The packet loss rate of the optimized system at all
frequencies is significantly lower than before
optimization, indicating that the optimization measures
have effectively improved the stability of the system and
the reliability of data transmission. The packet loss rate
of the system before optimization gradually increased. In
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contrast, the packet loss rate of the system after
optimization remained at a low level, indicating that the
optimized system has stronger adaptability to
high-frequency data transmission. The broken line of
data transmission delay shows that the delay of the
optimized system has increased, but the increase is slight.
The optimization measures have improved the system’s
stability to a certain extent. In the case of high-frequency
transmission, the delay change is more prominent. The



optimized system has achieved a good balance between
packet loss rate and delay and has strong overall
performance and stability.

5. Conclusions

This paper proposes and implements a new energy
self-powered technology to support the long-term health
monitoring of WTT bolts. The paper achieved an
efficient energy collection and long-term stable supply
by designing harvesting equipment, such as wind tower
vibration and temperature difference for energy
collection and conversion, combining with optimizing
materials and structures. This technology not only
overcomes the limitations of traditional monitoring
systems in energy supply, system integration, and data
transmission but also effectively reduces the system’s
overall energy consumption through the design of
low-power sensors and wireless data transmission
modules. However, this study still has certain
shortcomings, such as room for improvement in energy
harvesting efficiency and stability verification of the
system under complex environments. In future research,
more efficient energy conversion mechanisms can be
further explored, and system integration can be
optimized. The intelligence of energy management
strategies also can be improved to enhance the
adaptability and durability of the system under different
climatic conditions. Meanwhile, more field tests can be
carried out to comprehensively evaluate the long-term
performance and reliability of the self-powered
monitoring system and promote its widespread
application in wind power generation.
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