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Abstract

A grid system for warning and positioning functions was designed by a ZigBee wireless sensor network to solve the difficulties in early warning and fault
area positioning of ancient building fire detectors. The system includes the design of a ZigBee wireless sensor network and an abnormal area positioning
algorithm, where the terminal node collects data and transmits it to the upper computer for warning and positioning. Taking residual current electrical fire
detectors as an example, experiments were conducted, and the experimental results showed that the system could achieve residual current warning and

abnormal area positioning in ancient buildings.
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Introduction

In view of the significant harm of fires, fire alarm systems and
devices are usually installed in most ancient buildings. However,
most existing fire warning systems use bus-based wired communi-
cation, which has disadvantages such as poor mobility, difficulty in
modification, and complex deployment and construction. Basically,
a fixed alarm threshold is used as the alarm algorithm. When the
monitored quantity exceeds a pre-set threshold, an alarm is trig-
gered. This alarm method is easily affected by interference from the
natural environment and the indoor building environment, result-
ing in high false alarms and missed alarms. Some fire warning
systems use wired connections between fire signal sensors and
system controllers; the wiring layout of these systems during an
initial deployment is complicated, resulting in a lack of willingness
for installation. Especially, when an abnormality occurs, the system
cannot accurately locate the abnormal point, which is inconvenient
for management personnel to investigate in a timely manner. There-
fore, this article conducts research on fire warning and positioning
systems.

Fire warning systems for ancient buildings face distinct chal-
lenges compared with modern constructions: most ancient build-
ings adopt wood structures with low fire resistance, and strict
cultural relic protection requirements preclude large-scale wiring.
Their enclosed inner spaces with dense beams and columns cause
severe wireless signal attenuation, while volatile temperatures and
humidities easily lead to false or missing alarms with a fixed thresh-
old warning. Additionally, the courtyard-style layout and concealed
circuits make fault location extremely difficult without high-preci-
sion positioning functions. Moreover, the scattered electrical loads,
such as lighting and monitoring equipment in ancient buildings,
tend to generate tiny residual currents, imposing much higher
requirements for monitoring accuracy than modern buildings. These
unique difficulties necessitate the development of a dedicated fire
warning and positioning system for ancient buildings.

© The Author(s)

Perilla et al.l'l designed a fire safety and alert system that utilizes
Arduino sensors, integrated with loT technology. The integration of
loT enhances the system's effectiveness and efficiency in fire safety
applications. By employing sensors, the system can effectively
detect signs of fire such as temperature rise, flame presence, gases,
and smoke. In case of a fire emergency, building occupants and fire-
fighting authorities receive real-time notifications through audible
and visual alarms, as well as SMS messages sent by the modules
incorporated within this system.

Somov et al.l? designed an autonomous wireless sensor system
for early detection of fire and gas leaks, which comprises a gas
sensor module with the principle of pyrolysis product detection,
enabling it to detect a fire before ignition occurs. It contains a power
management module with the switching algorithm delivered to the
sensor node in accordance with an efficient energy supply. Realiz-
ing the importance of incorporating interpolation and approxima-
tion techniques in threshold handling, Yukinobu et al.B! proposed a
novel reinforcement learning system tailored for heterogeneous
multi-agent systems, particularly suited for addressing the fire-panic
problem. Their approach could provide more accuracy in identify-
ing and responding to the complexities and uncertainties of fire
monitoring systems in fire-panic scenarios.

Lai et al.* proposed a LoRa wireless network-based fire detection
system for scenic areas to overcome the limitations of existing fire
detection systems, which includes a CNN-BLSTM algorithm model
with an attention mechanism for environmental temperature pre-
diction. This model takes into account the different weights of vari-
ous environmental factors, such as temperature, humidity, smoke
concentration, and formaldehyde concentration, to predict the envi-
ronmental temperature accurately. The system also includes a fire
detection feature. The collected data is analyzed by the server,
which then uses algorithms to detect abnormal patterns indicating
a potential fire. Once a fire is detected, the system will trigger an
alarm or send natifications to relevant personnel for a timely
response and intervention. Overall, the proposed system utilizes the
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LoRa wireless network for efficient data transmission and incorpo-
rates advanced algorithms and attention mechanisms to improve
fire detection accuracy and environmental temperature prediction
in scenic areas.

Karaduman et al.b! put forward a method to increase throughput
using a multi-hop wireless sensor network. They developed an
Android application that notifies users in case of an emergency.
Additionally, their network can be expanded without the need for
extra sink nodes to collect data. The system utilizes the benefits of
a multi-hop network, where source nodes can send temperature
values via relay nodes to the sink node with low transmission power.
To store temperature values of a fire alarm, a Java application is
coded to run on Raspberry Pi 3, utilizing Firebase Cloud. In the event
of a fire, the Java application sends notification messages to an
Android application. Furthermore, to cover wide areas, a multi-hop
network is implemented. The entire system can be expanded by
utilizing a single sink node.

Wan & Zhang[®! have implemented an online monitoring system
for tracking current residual current in rural power networks using a
combination of ZigBee and General Packet Radio Service (GPRS)
network technologies. Real-time monitoring of residual current and
voltage in rural user locations is achieved through the use of resid-
ual current transducers, ZigBee self-networking technology, and
GPRS technology. Data transmission between the collector and con-
centrator is facilitated by a Mesh network, established by ZigBee.
Subsequently, data transfer between the concentrator and the Web
server is carried out via the GPRS network. The developed system
can carry out long-distance wireless monitoring for the residual
current in rural power networks effectively.

Xul”l conducted a study on an intelligent early warning system for
electrical fires based on the Internet of Things. He collected electri-
cal and environmental parameters through on-site monitors, trans-
mitted data to a remote platform via wireless communication, and
proposed an intelligent fire warning method optimized by a parti-
cle swarm optimization-support vector machine (PSO-SVM), provid-
ing a new direction for the research of electrical fire early warning.

Sunt® designed an electrical fire early warning system based on
PLC control. The system uses Bayesian theory to calculate data char-
acteristic quantities and completes information decision-making by
fusing three-dimensional data. It estimates the prior probability and
posterior probability of a fire occurrence, and issues an online/
offline linked early warning when the threshold flag is triggered. The
system achieves accurate fire prediction with low time consump-
tion, high effectiveness, reliability, and strong robustness.

Existing research and systems have obvious and irreparable
defects in the field of fire warning for ancient buildings, with the
core shortcomings as follows: all existing systems are designed for
general scenarios such as for modern buildings, scenic spots, or rural
power grids, without considering the unique constraints of ancient
buildings; including low fire resistance of wooden structures, strict
prohibition of large-scale wiring, wireless signal attenuation caused
by dense beams and columns, and high-precision monitoring
requirements for micro-residual current. Most of them rely exces-
sively on fixed-threshold warning mechanisms, which are easily
disturbed by the environment, resulting in a high rate of false alarms
and missed alarms. Several studies involving algorithm optimiza-
tion have not developed adaptive warning schemes suitable for
the special environment of ancient buildings. In addition, existing
systems generally lack high-precision abnormal point positioning
and grid-based regional management functions adapted to the
courtyard layout of ancient buildings, with large positioning errors
and low fault troubleshooting efficiency. Furthermore, existing
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studies are mostly single-function designs, failing to integrate core
modules such as adaptive wireless networking suitable for ancient
buildings, dynamic threshold warning, precise positioning and grid-
based management into a whole, and cannot realize the whole-
process closed-loop management of residual current monitoring,
intelligent warning, and hidden danger positioning. Therefore, the
overall scenario adaptability and functional integrity are far from
meeting the actual needs of fire prevention and control in ancient
buildings.

To fill the above core research gaps, this paper designs a grid-
based fire warning and positioning system for ancient buildings
based on the ZigBee wireless sensor network, focusing on the
research and development of residual current electrical fire detec-
tion. Commonly used wireless transmission technologies mainly
include Wireless Local Area Network (WiFi), Bluetooth, ZigBee,
Narrow Band Internet of Things (NB-loT), GPRS/GSM, etc. A fire warn-
ing system needs to realize multi-nodal distribution monitoring
within a building unit, and ZigBee has the advantages of a stable
transmission rate, low cost, and high scalability. Considering the
actual demands of no large-scale wiring and multi-nodal coverage
in ancient buildings, the ZigBee network is finally selected in this
system for data transmission and networking of fire warning.

System design

Architectural design of the monitoring system

In ancient architectural settings, common fire detectors come in
various forms, including smoke detectors, temperature detectors,
image detectors, and electrical fire detectors. The electrical fire
detectors can be further categorized into fault arc detectors, resid-
ual current detectors, temperature measurement detectors, and
pyrolysis particle detectors. For instance, in the context of residual
current leakage monitoring, the entire electrical fire warning and
positioning system can be segmented into three layers: the per-
ception layer, network layer, and application layer, as illustrated in
Fig. 1. At the terminal node, data such as residual current and line
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Fig. 1 System architecture diagram.
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temperature are collected, which are then transmitted by the coor-
dinator to the upper computer management system; subsequently,
the upper computer undertakes tasks such as data visualization,
storage, and positioning.

Detection circuit

In the event of residual current presence in the circuit, the resid-
ual current transformer generates a signal, which undergoes
filtering, rectification, and amplification before being sampled by
the Analog-to-Digital Converter (ADC) module of the microcon-
troller. The schematic diagram of the detection circuit is depicted in
Fig. 2.

Once the residual current transformer detects the current signal,
it enters the detection circuit. Initially, the unwanted noise signal is
filtered out by capacitor C19; subsequently, the signal undergoes
rectification and amplification facilitated by the LM358 chip. LM358
comprises two operational amplifiers, namely U11.1 and U11.2.

When the input signal of residual current flows in the forward
direction, the diode D12 conducts, while the diode D11 is cut off.
The operational amplifier U11.2 inversely amplifies the input signal,
subsequently passing through U11.1, where it undergoes inverse
amplification by a factor of R28/R25 = 20. Simultaneously, the input
signal passes through R5 and enters the U11.1 inverse amplification
circuit, with an amplification factor of R28/R5 = 10. Upon combining
these two pathways, the output signal of U11.1 becomes 10 times
the original residual current input signal.

Conversely, when the residual current input signal flows in
reverse, the diode D11 conducts, while D12 is cut off, resulting in a
zero voltage at the left side of R25. On the other side, the input
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signal passes through R5 and enters the U11.1 inverse amplification
circuit, also resulting in an output signal 10 times that of the resid-
ual current input signal.

The input voltage signal undergoes the full-wave rectification via
the LM358 operational amplifier, transitioning from the initial bipo-
lar voltage with the positive and negative poles to a unipolar posi-
tive voltage amplified by 10 times at the output. The waveforms
before and after the signal rectification are depicted in Fig. 3, finally
connecting to the ADC interface of the microcontroller through the
resistor R29.

Dynamic alarm threshold

The alarm thresholds of fixed-threshold alarm algorithms, and the
rate-of-change alarm algorithms are both immutable, which can
result in false alarms and missed alarms. Since the residual current in
the circuit is subject to constant fluctuation, it is imperative that the
alarm algorithm thresholds be regularly updated to accommodate
these data variations. During normal circuit operation, a certain level
of natural residual current is present, influenced by the external
and electrical factors, typically exhibiting gradual overall changes.
To enhance the reliability of the alarm methodology, a dynamic
alarm threshold approach is adopted, enabling adaptive adjust-
ments based on the circuit's residual current signal.

Initially, the impact of natural residual current is nullified, whereby
the alarm threshold adopts a form comprising the natural residual
current added to a safety threshold, expressed in Eq. (1):

Lp =L+ 1 (1)
In the formula, /;;, represents the alarm threshold; /,,, represents the
natural residual current; and I, represents the security threshold.
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Fig. 2 Residual current detection circuit diagram.
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Fig. 3 Waveform before and after signal rectification.
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The principle of using a sliding window algorithm is to update the
natural residual current in real time, as shown in Fig. 4. Under
normal conditions and when the residual current signal does not
exceed the set alarm threshold, a residual current signal of a preset
time window is collected, and the signal data within this window is
statistically analyzed to preliminarily establish the alarm threshold.
As the residual current signal is continuously updated, the sampling
window will also slide to the right, and the leftmost data in the
window will be moved out of the window, while the rightmost data
will enter the window. At this time, the signal data in the window
will be updated, and the above process will be repeated to continu-
ously update, and the alarm threshold value will also be continu-
ously updated.

Terminal node localization algorithm

Wireless Sensor Networks (WSN) are distributed sensor networks
composed of many nodes. WSN localization refers to calculating the
coordinate information of unknown nodes by receiving signals from
other nodes based on the known coordinates of the nodes. There
are generally two types of localization algorithms for wireless sensor
networks: one is the localization methods based on distance, includ-
ing the arrival time-based localization algorithms!®, the arrival time
difference-based localization algorithms['%, and the received signal
strength indication (RSSI) localization algorithm, etc. The other is
based on non-ranging positioning methods, mainly including the
geometric centroid positioning algorithm, DV Hop positioning algo-
rithm['1], the position fingerprint method!'?, etc. Generally speaking,
the non-ranging positioning algorithms' positioning errors are
greater, but the hardware dependency and usage costs are lower,
making them suitable for use in scenarios of lower-level positioning
accuracy and cheaper costs. Compared with other range-based
positioning algorithms, RSSI-based positioning algorithms have
lower power consumption, cheaper costs, and longer transmission
distance. Therefore, this article adopts this algorithm for terminal
node positioning.

RSSI ranging principle

The basic principle of RSSI ranging is that the transmission
signal strength is known, and the receiving node calculates the
propagation loss of the signal based on the received signal strength.
Then, using theoretical and empirical models, the transmission loss
is converted into distance, and the unknown node coordinates are
calculated. There is a certain relationship model between the signal
strength and the distance. Many path loss models have been
proposed for the variation of RSSI with distance. In practical environ-
ments, the logarithmic-normal distribution loss modell'3-151 is more
in line with the law of wireless signal propagation loss, as shown in
Eq. (2):

X X, X, X, X | e

X X, X; X, Xy | eeeee

Fig. 4 Schematic diagram of sliding window algorithm.
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P(d) = P(do) - IOnlg(%) + A5 @)

In the formula, P(d) is the received signal strength at a distance of
d from the signal source, in dBm; P(d,) is the signal strength of the
reference point at a distance of d, from the signal source, which the
signal strength at Tm from the signal source is usually taken in prac-
tical, determined by the power of the transmitting end and the
antenna gain, which is less affected by the environment and can be
directly measured; N is the path attenuation coefficient, which
represents the rate of power attenuation of a signal as the transmis-
sion distance increases. Different transmission environments have
different values; Ad is a Gaussian random noise with a mean of 0 and
o as the standard deviation.

Transforming Eq. (2), we can convert the RSSI value received by
the receiving node into distance, and obtain the distance d between
the unknown node and the receiving node as:

P(d)-P(dy)-As
d=dyx10 10n 3)

Improved Gaussian filtering algorithm

This article proposes an improved Gaussian filtering method. The
basic steps of this method are as follows: Gaussian filtering is first
applied to the collected RSSI value set, and the RSSI values of the
interval (u — 1.280, u + 1.280) are selected. According to the Gaus-
sian distribution model, the probability of RSSI values appearing in
the interval is 0.8. After the preliminary interval screening above, a
set of RSSI values is obtained.

Larger RSSI values can achieve more precise positioning accuracy,
but in a set of RSSI value sets, the maximum value usually appears at
a relatively lower frequency. Choosing the maximum RSSI value as
the extraction value can lead to unstable filtering effects and thus
unstable positioning accuracy. Therefore, this article chooses to
calculate the frequency distribution of the set of RSSI values using
the maximum frequency distribution RSSI value as the threshold,
removing data smaller than this value from the set, and finally
calculating the mean of the remaining RSSI value set. The flowchart
of the improved Gaussian filtering method is shown in Fig. 5.

Collect a set of RSSI values

|

Select the interval (« — 1.280,
1+ 1.280) for Gaussian
filtering

|

The maximum frequency distribution RSSI
value is used as the threshold value, and data
smaller than the threshold value are rejected

|

Calculate the average of the
remaining data

Fig. 5 Flowchart of improved Gaussian filtering method.
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Filtering experiment and result analysis

During the filtering experiment, the grid node periodically sends
out RSSI (Received Signal Strength Indicator, measured in dBm—a
logarithmic signal power unit relative to 1 milliwatt, with larger
values representing stronger signals) signals, while another node
receives and records RSSI values, and then performs the filtering
process of this method. The original and filtered data are shown in
Fig. 6a, b. From Fig. 6, it can be seen that the original RSSI data has
significant fluctuations and poor stability. After optimizing 50 sets of
data through Gaussian filtering, 33 sets of valid data were retained.
The fluctuation amplitude of the RSSI values was significantly
reduced without obvious deviation, making them closer to the
measured true values. Variance is a typical indicator that reflects the
deviation between variables and the mean.

Table 1 lists the variance and signal-to-noise ratio (SNR) of the
original data and the data after Gaussian filtering optimization.
The results show that the optimized RSSI data exhibits a smaller
variance (from 5.9311 to 2.0426) and a higher SNR, which verifies
that the filtering effect meets the requirements.

Hybrid positioning algorithm

In order to achieve the goal of high-precision positioning at a
lower cost, this article proposes an improved method based on
the maximum likelihood estimation method combined with the
centroid positioning, mainly improving two aspects: first, the maxi-
mum likelihood estimation method is used to calculate the coordi-
nates of unknown nodes in the first step, and then the improved
weighted centroid positioning algorithm is used for the second
step of positioning calculation. After the two-step positioning
calculation, the positioning error can be reduced to a certain
extent. Following are the detailed steps to improve the positioning
algorithm:

(1) In the communication range of unknown nodes, there are
generally multiple beacon nodes. Assuming that the communica-
tion RSSI values with each beacon node are filtered and arranged in
descending order as RSSI1, RSSI2,-, RSSIn. Select the first m RSSI
values and use the RSSI ranging model to calculate the distances d1,
d2,~, and dm between the unknown node and m beacon nodes.

(2) Take m—1 of the m distance information obtained and use
maximum likelihood estimation to obtain the coordinates of m
rough unknown nodes.

(3) According to the weighted centroid positioning algorithm, it is
calculated that the coordinates of the m unknown nodes obtained
in the previous step. The weighting factors wjand wj, for the x and y
coordinates are calculated using the following formula:

a

—50 4 —e—raw data

. % e 1
55 1 3
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E ‘j
s AV
0
0
T g5 \
70

0 10 20 30 40 50
accept number of times

Fig. 6 Raw RSSI data and filtering optimization result.
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In the formula, x = ~: take &

m
0.01 to prevent the denominator from being 0.
The final calculated unknown node coordinates (x, y) are:

m

i(Wixxi) Z(Wi_v)’i)
i=1 , z=lm
Z Wiy
i=1

xy) =|—5 (6)

D Wi
=1

Simulation and comparison of hybrid algorithm
localization effects

In order to verify the positioning effect of the proposed position-
ing algorithm, the simulation experiments were conducted using
Python. The experimental range was a square area of 20 m x 20 m.
First, four beacon nodes were generated at the vertices of the
10 m x 10 m square, with coordinates of (0, 0), (0, 10), (10, 10),
and (10, 0), respectively. Then, 20 unknown nodes were randomly
generated within the experimental range, and their localization was
simulated.

In the experiment, the noise variance in the RSSI ranging model is
set to 5, the reference point signal strength is set to —40.55 dBm,
and the path attenuation coefficient is set to 1.95. Fifty RSSI values
were collected from each unknown node and filtered using a mixed
Gaussian filtering method. The processed RSSI values were con-
verted into distances and positioned using a positioning algorithm.
The simulation results are shown in Fig. 7.

In order to verify the improvement of the proposed hybrid algo-
rithm's localization effect, the maximum likelihood estimation
method was used for the simulation experiments under the same
conditions, and the simulation results are shown in Fig. 8.

In the simulation experiment, the average positioning error of the
maximum likelihood estimation method for 20 unknown nodes was

Table 1. Variance comparison table.

Processing method Raw data Gaussian optimization
Variance (m?) 5.9311 2.0426
SNR (dB) 26.25 30.88
b -s0
—a—filtering optimization result
=55 - - .
-
\ AN f
E
% —60 4 /\ \ - . -
7 R ‘/
[i4
—65 4
=70 T T T T T T

T
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Fig. 7 Simulation results of positioning algorithm.
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Fig. 8 Simulation results of maximum likelihood estimation method for
localization.

1.65 m, while the average positioning error of the hybrid position-
ing algorithm proposed in this article was 0.56 m. It can also be seen
from Figs. 7 and 8 that the hybrid positioning algorithm proposed in
this article is closer to the actual position of unknown nodes com-
pared to the maximum likelihood estimation method. It can be
concluded that the hybrid positioning algorithm proposed in this
article has more precise positioning accuracy.

To investigate the influence of beacon node spacing and RSSI
value acquisition frequency on the accuracy of positioning
algorithms, the following experimental simulations were conducted:
maintaining the distribution of beacon node square vertices
and changing the distance between beacon nodes, changing the
RSSI value acquisition frequency, and keeping other conditions
unchanged. The experimental results are shown in Table 2.

From the table, it can be seen that the spacing between beacon
nodes and the collected number of RSSI values will both affect the
positioning accuracy of this algorithm. As the spacing increases,
the positioning accuracy gradually decreases. The more RSSI values
collected, the more accurate the positioning accuracy will be.
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System programming

Program design for residual current detection

After the initialization of the ZigBee terminal node, the ADC inter-
face is sampled 24 times within a cycle to calculate the effective
value of residual current using the root mean square method. If the
residual current value exceeds the threshold, an alarm message is
sent to the upper computer. At this moment, the terminal node will
send data directly to the upper computer, and the upper computer
will use the proposed method for intelligent calculation. If the
detected residual current value is still greater than the threshold, the
system will give an alarm and display it in the grid management
system. The flowchart is shown in Fig. 9.

Positioning program design

The terminal node is the lowest level in the ZigBee network. It
first needs to join the network through beacon nodes, and cannot
forward data from other terminal nodes. Within the monitoring area,
it needs to use the system's positioning algorithm to obtain its own
location. After the system is started, the terminal node actively scans
the communication channel, requests network access from the
beacon node, obtains the network ID, and joins the wireless sensor
network.

After joining the network, the localization process begins, and the
terminal node sends localization requests to the surrounding broad-
cast beacon nodes. After obtaining at least three beacon node loca-
tion information, the RSSI values of the beacon nodes are recorded,
and the collected RSSI value set is processed using the improved
Gaussian filtering method. Then, the processed RSSI values are sent
to the upper computer. The upper computer first updates the para-
meters of the RSSI ranging model, and then estimates the coordi-
nate position based on the hybrid positioning algorithm proposed
in this article. The flowchart is shown in Fig. 10.

Table 2. Positioning experiment errors under different positioning conditions.

. Collection number of times
Beacon node spacing (m)

20 50 80 110
10 0.97 0.56 0.57 0.35
15 0.96 0.69 0.53 0.41
20 113 1.06 0.77 0.56

__,| Sending information to the
host computer

Device initialization

Intelligent calculation by the
host computer

ADC sampling 24
times

Discovering
eakage faul

Calculate the residual
current rms value

Gridded management system
for early warning

Fig. 9 Residual current detection flowchart.

xceeding the
threshold?
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ranging model

|
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Fig. 10 Terminal node positioning flowchart.
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Coordinator node program design

In ZigBee networking, the coordinator nodes play an important
role, and the establishment of the network and data collection are
carried out on them. After the system is initialized by powering up, it
starts scanning communication channels and selects the optimal
channel to create a network. Afterwards, the coordinator node
begins monitoring the wireless status. If a node successfully enters
the network, the coordinator node will add the node's address to its
address table. Next, the network topology is forwarded to the upper
computer. Then, a new round of wireless status monitoring will
begin, and residual current and temperature data forwarded by
other nodes will be collected and forwarded to the upper computer.
The workflow diagram is shown in Fig. 11.

System applications

MHMapGlIS is a map application based on Geographic Informa-
tion Systems (GIS), providing functions such as map data visualiza-
tion, map editing, and data querying. With the help of GIS technol-
ogy, professional analysis functions can be established to analyze
and manage a large amount of data that runs through entire pro-
cesses of disasters, including their origin, development factors, and
impact scope. The advantage of GIS technology lies in its ability to
complete complex tasks such as input, management, processing,
spatial analysis, and modeling visualization of these different types
of data. The upper computer displays the warning information
uploaded by the terminal node in the ancient building grid, as
shown in Fig. 12.

Conclusions

Taking variable frequency load leakage as an example, this article
applies a ZigBee wireless sensor network to a grid monitoring
system for ancient buildings. Through the ZigBee terminal node, the
residual current in the line is monitored and warned, and the grid

Wang et al. Emergency Management Science and Technology 2026, 6: €006
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Fig. 11 Coordinator workflow diagram.

management of leakage faults has been achieved in ancient build-
ings, which has some practical implications as follows:

(1) The application of ZigBee technology and grid management
information technology in the frequency conversion load leakage
fault monitoring system has achieved accurate monitoring of resid-
ual current.

(2) Implementation of terminal node positioning function using
the RSSI positioning algorithm. Aimed at the error in the ranging
stage, an improved Gaussian filtering method was proposed for
preprocessing, and then a hybrid positioning algorithm was further
proposed. In the simulation experiments, the average positioning
error was 0.56 m, and the positioning accuracy of the hybrid algo-
rithm was tested under different numbers, the spacing of beacon
nodes, and the different RSSI value acquisition number of times.

This study has certain limitations: the positioning accuracy is
affected by the wall density of ancient buildings, with a slight
increase in positioning error when nodes pass through multiple
beams/columns; the system only targets residual current-type elec-
trical fires without integrating multi-parameter monitoring such as
smoke and flame detection; in addition, field tests were only carried
out in a single ancient building courtyard, failing to verify the
networking scalability in large-scale ancient building clusters. For
further optimization, this system can be improved in three aspects:
first, introduce a multipath fading compensation model to correct
the RSSI signal attenuation caused by walls for higher positioning
accuracy in complex environments; second, integrate smoke, tem-
perature, and flame sensors to construct a multi-parameter fusion-
fire warning model, thereby reducing the false alarm rate of
single-parameter monitoring; third, combine LoRa and ZigBee for
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Fig. 12 Upper computer grid warning display.

networking to realize wide-area monitoring of large-scale ancient
building clusters, and develop a mobile early-warning terminal to
enable real-time alarm information reception for on-site personnel.
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