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Featured Application: The proposed IoT-based Master-Slave regionalized intelligent LED-light-
controlling system can be applied to LED lights installed in buildings, communities, factories,
warehouses, and other large-scale public zones where people and vehicles will pass by for a
short time, thus saving energy consumption.

Abstract: Reducing residential and industrial electricity consumption has been a goal of governments
around the world. Lighting sources account for a large portion of the whole energy/power consump-
tion. Unfortunately, most of the existing installed lighting systems are ancient and have poor energy
efficiency. Today, many manufacturers have introduced light-controlling systems into the current
market. However, existing light controlling systems may not be successfully applied to buildings,
streets, and industrial buildings due to high costs and difficult installation and maintenance. To
combat this issue, this article presents an easy-to-install, low-cost, Master-Slave intelligent LED light-
controlling system based on Internet of Things (IoT) techniques. The benefit of using the proposed
system is that the brightness of the LED lights in the same zone can be changed simultaneously
to save in energy consumption. Furthermore, the parameters of the LED lights can be directly set.
Moreover, the related data are collected and uploaded to a cloud platform. In this article, we use
15 W T8 LED tubes (non-induction lamps) as a case study. When the proposed system is installed
in a zone with few people, the energy-saving rate is as high as 90%. Furthermore, when 12 people
pass by a zone within one hour, its energy-saving rate can reach 81%. Therefore, the advantages of
using the proposed system include: (1) the original lamp holder can be retained; (2) no wiring is
required; and (3) no server is set up. Moreover, the goal of energy saving can also be achieved. As
a result, the proposed system changes the full-dark mode of the available sensor lamp to the low
power low-light mode for standby. Further, it makes the sensor lamps in the same zone brighten or
low-light way simultaneously, which can quickly complete large-scale energy-saving and convenient
control functions of intelligent LED lighting controlling system.

Keywords: energy saving; Internet of Things (IoT); lighting controlling systems; smart homes; power
saving; master-slave

1. Introduction

Global warming is becoming increasingly more serious, and climate abnormalities
are happening all over the world. When the Kyoto Protocol is realized, which is an
agreement to restrain global green gas emissions, energy technology innovation, energy
conservation, and emission reduction will become effective strategies for reducing carbon
dioxide. The world faces numerous abnormal ecological crises due to the rapid expansion of
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global warming and the alarming rapidity of ecological environment transition. Therefore,
energy savings and carbon reduction are issues that all government organizations and
non-governmental organizations consider to be of great importance [1].

Today, residential electricity consumption worldwide is growing rapidly. With such
a great demand for energy, people are increasingly interested in more efficient devices,
especially after doubling oil prices and increasing electricity rates [2]. Population growth
has brought about the problem of lack of natural resources. Manufactured resources such
as electricity cannot cope with the rapid population growth. For a long time, people have
adopted various methods to upgrade equipment and refine system design for productivity
growth, transmission efficiency, and power-consumption reduction [3].

Energy-saving, power-saving, intelligent, and smart green buildings have recently
become popular issues. Light-controlling systems are designed to reduce power consump-
tion according to the needs of each base of the building [4,5]. Lighting systems are the
world’s main source of power consumption. The amount of electricity used to illuminate
buildings in Europe is considerable, accounting for about 40% and causing about 35% of
carbon dioxide emissions [6].

Using LED technology reduces the power value required for lighting, enhances its
durability and environmental protection, and lowers consumption [7–11]. Based on energy
conservation, environmental protection, and economic cost considerations, LED lighting
can be expected to replace traditional lighting. LED lighting is comparably more efficient
than traditional lighting appliances in energy level. The power consumption is only half of
the fluorescent lamps and one-eighth of bulbs [12].

Recently, the European Union (EU) has actively promoted the movement to improve
energy efficiency. However, previous studies have found that simple lighting control using
motion sensors can effectively reduce the electrical energy used to illuminate buildings.
Intelligent lighting control strategies may achieve more energy savings, better service
quality, and many advantages over simple on/off control.

According to the report from the LEDinside, with the development of technology,
manufacturers are actively promoting the technology, and with the popularization of
intelligent-lighting-related concepts, the smart lighting market will enter a stage of rapid
growth. LEDinside analyzed that the LED intelligent lighting market scale in 2019 achieved
USD 10.7 billion. Among them, bright home lighting accounted for 29% of the global
intelligent lighting market in 2019, reaching USD 3.11 billion [13].

Until now, due to the high cost of installation and maintenance and the difficulty of
transformation, the intelligent lighting control system has not achieved good efficiency [14],
and there is still a need for improvement. In the past, sensor lights with motion sensors
were installed in public zones. Generally, there were only two modes, full dark and full
bright, and the LED lights were lit one by one when a pedestrian passed by, which could
be uncomfortable on the eyes.

To overcome the problems about the sensor lamp only has two modes of full dark and
full bright and LED lights to cause eye discomfort, in this article, two modes (low-light
and high-light) are designed to solve the problem that the sensor light will become dark
when no one passes by, whereas LED lights in the same zone will be changed to “high-light
mode” at the same time, instead of lighting up each LED light in sequence to prevent eye
discomfort, as shown in Figure 1.

The remainder of this article is organized as follows. The related works are deliberated
in Section 2. The proposed system is introduced in Section 3, followed by Section 4, which
explains the experiments and discusses the energy savings of adopting the proposed system.
Finally, we conclude this work in Section 5.



Appl. Sci. 2022, 12, 420 3 of 23
Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 23 
 

 
Figure 1. A scenario where all the LED lights in zone 1 change to high-light mode at the same time. 

The remainder of this article is organized as follows. The related works are deliber-
ated in Section 2. The proposed system is introduced in Section 3, followed by Section 4, 
which explains the experiments and discusses the energy savings of adopting the pro-
posed system. Finally, we conclude this work in Section 5. 

2. Related Works 
In recent years, many lights monitoring and controlling systems have been published 

[14–30], which can be divided into wired and wireless systems. Wired-based light-con-
trolling systems can measure and record daylight and artificial illumination by adopting 
several sensors in the controller area networks (CAN) [15] or a suite of data logging de-
vices [16] to adjust the lighting intensity and thereby adapt its energy consumption. How-
ever, the cost of wired devices is much higher, especially installation and maintenance 
costs, due to the presence of cable bundles to handle data communication. 

To combat the above-mentioned issue, wireless-based techniques have become a 
more popular alternative in light-controlling systems for energy saving in buildings. As a 
result, wireless sensor networks (WSN) can be an enabling technique. Moreover, combin-
ing WSN-based control and direct current (DC) grid-powered LED lighting systems, the 
advantages of this combined technology can achieve greater energy savings for smart 
green buildings [17].  

In addition to WSN-based systems, Bai and Ku [18] designed a module that uses a 
microprocessor (MPU) with serval lighting sensors for automatic indoor light detection 
and control, named HLCM (Home Light Control Module). Using a pyroelectric infrared 
sensor (PIR sensor), the proposed HLCM can detect whether a person has entered the 
detection area. If no human body is detected, all the controlled lights will be turned off, 
while the proposed HLCM detects the light intensity in the environment and maintains 
sufficient light by controlling the number of lights. In addition, the RF module is used to 
transmit and receive each HLCM’s data to control different lights in different zones. 

Tang et al. [19] proposed a new method that uses an available camera mounted on a 
smartphone to perform closed-loop color control of the lighting system for smart home 
applications. The proposed method can handle multi-channel mixing of any color and 
white light with a high color-rendering index under the required correlated color temper-
ature. Experiments have proven that this method is economical and convenient because 
it does not require external sensors and can be performed on compatible LED lights using 
an Android-based smartphone. 

Elejoste et al. [20] proposed an LED-lights-based smart streetlight management sys-
tem to promote its deployment in existing facilities. The proposed system was based on 
wireless communication technology, which greatly reduces the investment cost of tradi-
tional wired systems. Traditional wired systems always require civil engineering to bury 
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Figure 1. A scenario where all the LED lights in zone 1 change to high-light mode at the same time.

2. Related Works

In recent years, many lights monitoring and controlling systems have been pub-
lished [14–30], which can be divided into wired and wireless systems. Wired-based light-
controlling systems can measure and record daylight and artificial illumination by adopt-
ing several sensors in the controller area networks (CAN) [15] or a suite of data logging
devices [16] to adjust the lighting intensity and thereby adapt its energy consumption.
However, the cost of wired devices is much higher, especially installation and maintenance
costs, due to the presence of cable bundles to handle data communication.

To combat the above-mentioned issue, wireless-based techniques have become a more
popular alternative in light-controlling systems for energy saving in buildings. As a result,
wireless sensor networks (WSN) can be an enabling technique. Moreover, combining
WSN-based control and direct current (DC) grid-powered LED lighting systems, the ad-
vantages of this combined technology can achieve greater energy savings for smart green
buildings [17].

In addition to WSN-based systems, Bai and Ku [18] designed a module that uses a
microprocessor (MPU) with serval lighting sensors for automatic indoor light detection and
control, named HLCM (Home Light Control Module). Using a pyroelectric infrared sensor
(PIR sensor), the proposed HLCM can detect whether a person has entered the detection
area. If no human body is detected, all the controlled lights will be turned off, while the
proposed HLCM detects the light intensity in the environment and maintains sufficient
light by controlling the number of lights. In addition, the RF module is used to transmit
and receive each HLCM’s data to control different lights in different zones.

Tang et al. [19] proposed a new method that uses an available camera mounted on a
smartphone to perform closed-loop color control of the lighting system for smart home
applications. The proposed method can handle multi-channel mixing of any color and white
light with a high color-rendering index under the required correlated color temperature.
Experiments have proven that this method is economical and convenient because it does
not require external sensors and can be performed on compatible LED lights using an
Android-based smartphone.

Elejoste et al. [20] proposed an LED-lights-based smart streetlight management system
to promote its deployment in existing facilities. The proposed system was based on wireless
communication technology, which greatly reduces the investment cost of traditional wired
systems. Traditional wired systems always require civil engineering to bury the cables in
the ground, which is more expensive than wireless networks. Therefore, this work proposes
a scalable, holistic, and efficient solution that only provides lighting when necessary (based
on immediate weather conditions or the presence of people and vehicles) and where the
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lighting level can be easily adjusted to avoid excessive lighting and glare. This work
adopted wireless communication and the autonomous performance mode to minimize
installation costs.

Byun and Shin [21] proposed an energy-saving lighting control system that considers
occupant satisfaction. The proposed system controls the lighting parameters by considering
the occupants’ spatial characteristics and behavior patterns to improve energy efficiency
and occupant satisfaction. In addition, this work deployed the proposed lighting systems
in the building and ran them in the actual working environment to evaluate performance.
The experimental results show that by replacing the existing fluorescent lamps with the pro-
posed lighting control system, the proposed system reduces energy consumption by 43%.

Perkasa et al. [22] proposed a system composed of an infrared human movement
sensor (PIR Sensor), an Arduino UNO, and a two-channel relay module. This system can
automatically turn on the LED lights in the campus classrooms, using the PIR sensor to
detect movement and computer processing to control the lights. The function of this system
is to turn on the lights automatically when someone enters the classroom and turn off the
lights automatically when there is no one in the school. Similar research also appeared
in [23].

Wahyuni [24] also studied a similar intelligent lighting system, the working principle
of which was that the PIR sensor would detect the presence of people through body
temperature and the movement of people in the room. Mohamed et al. [25] used two PIR
sensors to catch people’s entry and exit status at the entrance and then determined the
brightness of the lighting according to the number of people in the space. The larger the
number of people, the brighter the illumination, thereby avoiding energy waste.

Although LED lighting is environmentally friendly, it is still not popular due to its
higher installation cost than existing lighting. Although LED lighting prices are falling
with recent advancements in manufacturing technology, LED lighting is still costly. To this
end, researchers have extensively carried out many previous works [31–38] to improve
the economic feasibility of LED lighting through control algorithms based on sensor and
network technology. When the user is not in the room or the room is too bright, these
systems can reduce energy consumption by reducing the output power of the lighting
instead of processing it under the same illuminance.

In this article, a low-cost, easy-to-install, Master-Slave intelligent LED lights controlling
system is proposed, which is based on Internet of Things (IoT) techniques. Using the
proposed system, the brightness of the LED lights in the same zone can be changed
simultaneously to save energy consumption. Furthermore, the parameters of the LED
lights can be directly set. Therefore, LED lights in the same zone will operate in low-light
mode when nobody is passing by.

When any LED light in this zone detects that someone is passing by, it will transmit
a message via the Wi-Fi 2.4 G wireless transmission module to alert LED lights in the
same zone and adjust the brightness to the high-light mode at the same time, instead of
sequentially lighting up the LED lights one by one. The LEDs and sensors can be directly
connected via the IoT module and the internet to set the parameters of the LED lights,
upload the collected data to the cloud, and then use data analysis to make the best settings
for the various settings parameters of the LED lights. Similar to the proposed system, some
previous works [39–42] have applied IoT technology to intelligent traffic light systems,
and good research results have been achieved. The other previous works [43–46] have
also adopted IoT technology to the intelligent dimming of old houses, reducing lighting
energy consumption, healthy lighting, etc. These previous works were discussed how to
extend the life of wireless sensor network (WSN) nodes, and privacy issues of the Google
Home devices have been leaked. Forestiero et al. [47] proposed a hierarchical efficient
scheme, which was integrated management of heterogeneous platforms for green workload
management. Finally, we make a comparison table of related works with the proposed
system, as can be seen in Table 1. The adoption of PIR sensors to sense people passing
by can be found in [22–24], but there are only two modes: full dark and full brightness.
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Compared to [22–24], the proposed system is improved to such a statement that is two
modes (high-light and low-light) are designed in this article. The LED lights in the same
zone will be changed to high-light mode at the same time to reduce the number of irritated
eyes and minimize the number of light flashes.

Table 1. A comparison of related works with the proposed system.

Related Work [15,16] [18] [19] [20] [22–24] [25] [31] [1] This Work

Connection Wired Wireless Wireless Wireless Wireless Wireless Wireless * Wireless

Sensors
Adoption

Light
sensor

PIR
sensor

Smartphone
camera

Light sensor,
humidity sensor,
and temperature

sensor

PIR sensor 2 PIR
sensors PIR sensor PIR

sensor PIR sensor

IoT-based No No No Yes No No No No Yes

Control
Method Direct Direct Direct Direct Direct Direct Direct ** Master-

Slave

Server/MCU-
Based

Control
Server MCU MCU Server MCU MCU Server No MCU

Energy-saving Medium High N/A Medium Medium Medium Medium High High

Application
Field

Large
field Home Home Street lamps Classrooms

or rooms Home Small/Home Large

Note: * Ref. [1] is a single device that has not been connected to other device designs. ** Ref. [1] has no
control mechanism.

3. The Proposed IoT-Based Master-Slave Regionalized Intelligent LED
Light-Controlling System
3.1. Preliminaries

The primary purpose of this work was to save energy. Sensor lights were installed in
parking lots, general buildings, stairwells, corridors, or toilets. When people pass by, these
lights instantly turn on to full brightness from complete darkness. For this reason, eyes will
feel very uncomfortable. When lights are off, such as in corridors and stairwells, people
who walk by at night feel insecure. When lights are changed to a non-sensing function,
they face a severe energy-wasting problem.

Some manufacturers have refined a new LED sensor light lamp (tube) design with a
low-light mode to solve this dilemma. This new design has modified the complete darkness
mode into a dim-light/low-light mode. Therefore, when people walk past the sensing light,
they should not feel uncomfortable, and momentary glare can be avoided. The sensing
light operates in a weak light state condition when no one is passing by, so people who
pass by at night do not have to face a dark corridor to achieve the goals of safety and
energy saving.

The power consumption of the new sensor LED light tube is reduced by 90 percent
in the low-light mode compared to that of the high-light mode. However, the brightness
in the low-light mode is only 50 percent of that in the high-light mode. Therefore, it is
recommended to use this new sensor LED light tube in building parking lots, corridors,
staircases, or toilets. As shown in Figure 2, without replacing the lamp holder, this tube can
substitute the original tube directly, and its essential brightness remains the same.
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However, this work [1] has a shortcoming. We use parking lots or corridors as an
example to explain this shortcoming. When people and vehicles pass by, the sensor lights
will light up one by one. Although the sensor lights have a low-light mode, they will
not change from complete darkness to full brightness. However, the eyes will still be a
little uncomfortable because there will still be a slight brightness change. Therefore, we
can improve our previous work [1] to make the sensor lights in the same zone brighten
simultaneously or dim at the same time. This can minimize discomfort on the eyes, increase
the sense of safety when walking, and reduce power consumption to achieve an integrated
system of energy-saving, IoT, and humanization.

Taking a large parking lot as an example, the proposed system divides the parking
lot into several small zones in a matrix (as shown in Figure 3), and the sensor lights in this
zone will operate synchronously. The LED lights in the same zone will be lowered at the
same time when a vehicle or a pedestrian pass by. The power is in the low-light mode
for standby. When any LED light in this zone detects a pedestrian or car passing by, it
will transmit the trigger message to other LED lights in the same zone via the Wi-Fi 2.4 G
wireless transmission module. Moreover, LED lights in the same zone are all turned on to
high-light mode simultaneously, as shown in Figure 1.
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The user can set the zone to which the LED lights are installed according to their needs.
When the LED lights are set to the same zone, they will act in synchronization. As can
be seen in Figure 3, when someone approaches zone 1, LED 1 immediately transmits the
trigger signal to LED 2–LED 8. There are two ways to receive it: the first is to receive the
triggered signal sent by LED 1 directly, and the other is to receive it from other LED lights
that received the triggered signal earlier. Taking LED 8 as an example, it can receive the
triggered signal sent by LED 1. It can also receive the triggered signal turned from LED 7
(where the signal arrives first). After receiving the trigger signal of LED 1 (Master), LED
2–LED 8 (Slave) will also be immediately illuminated. LED 1–LED 8 will also be changed
to the high-light mode simultaneously. Note that the LED lights in different zones will not
be triggered because of the various channel settings.
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Since this work does not need to change the lamp holder of the LED lamp, the old LED
lamp tube or fluorescent tube can be directly replaced with the new sensor LED light [1].
Hence, installing the proposed system in places such as building parking lots, corridors,
stairwells, or toilets is recommended. The original lamp holder can be retained, with no
wiring and no need to set up a server and can achieve the energy-saving purpose of the
intelligent LED lighting controlling system. The price is even lower. For example, each
smart T8 LED tube, only costs CNY 600 (about USD 21.4). Because the tube has a built-in
sensor and control circuit, it only needs to be the same as the original one. The T8 LED tube
can be replaced and adjusted. Furthermore, we compare the popular commercial product,
Philips’s hue smart lighting full-color situational 10 W Bulb [48], as shown in Table 2.

Table 2. A comparison of Philips hue smart lighting full-color situational 10 W bulb [48] with this
work.

Related Work Philips Hue Smart Lighting Bulb This Work

Applicable Fields Private areas such as living rooms or rooms Public regions such as parking lots
or corridors

PIR Sensor Adoption No Yes

IoT-Based Yes Yes

Power Consumption 10 W 14 W

Dimming Freely dimmable Executing in low-light mode when no one is
(brightness can be adjusted).

Situational Lighting It can be changed in full color according to
the situation. No

Regional Chain Response No LEDs in the same region can be brightened at
the same time.

Price NT$1900 (About US$67.9) NT$600 (About US$21.4)

Therefore, it is different from the relevant field (office, living room, or living room) of
the previous works. This work is more suitable for public zones, such as buildings and
communities, where people and vehicles pass by for a short time.

This work is based on the LED sensor light with the low-light mode in [1] and only
retains the “low-light mode” function. The remaining IoT, Master-Slave architecture, and
regionalized synchronization functions are new and innovative. Hence, this work is more
suitable for large-scale fields. The differences between this work and [1] are described as
follows. The difference comparison between this work and [1] is also arranged as shown in
Table 3.

Table 3. The difference comparison between this work and [1].

No. Feature This Work [1]

1 Large-scale intelligent LED
lighting system

It can be easily implemented
and installed

It can only be installed individually. Additional
wiring and setting up a server can be completed
without a connection function. Otherwise, it will

only be similar to a general sensor light.

2 Regional synchronization
function Yes No

3 IoT-based Yes No
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Table 3. Cont.

No. Feature This Work [1]

4 Timing control Programmable
(flexible setting) RC charge/discharge (fixed)

5 Control method Master-Slave No control mechanism

6 Mobile device app. Yes No

7 Application field Large-scale field Small-scale field

1. This work can make the sensor lights in the same area high- or low-light simultane-
ously. Hence, it can efficiently complete the energy-saving and convenient control
functions of the large-scale intelligent LED lighting system. Ref [1] does not have
this function.

2. This work can implement a large-scale intelligent LED lighting system without wiring
or setting up a server. Hence, it can achieve the energy-saving purpose of an intelligent
LED lighting system. Still, it is only one-tenth of the cost and [1] can be installed
individually, with no connection function.

3. For large-scale fields, this work can also directly set the parameters of LED lights
through the IoT and use the Wi-Fi 2.4 G wireless transmission modules to uniformly
set each LED light according to large-scale field parameter settings, while [1] has no
IoT-based connection function.

4. This work has a Master-Slave mode control method. After the Master LED light
receives the command information from the cloud, it will immediately transmit the
command to other slave LED lights through Wi-Fi 2.4 G wireless transmission, so it
belongs to the same zone. Thus, the parameters of the LED lights can be easily set
together instead of individually. However, [1] has no master-slave function.

5. This work is suitable for large fields, while [1] is ideal for small fields.

3.2. System Processes and Architecture

Figure 4 shows a flowchart of the proposed system processes, and Figure 5 shows
the system architecture of the proposed system. The proposed system first establishes
a connection with the cloud server. When there is no connection, the proposed system
repeatedly tries to establish a connection. After the connection is established, the proposed
system waits for commands from the application on the one hand and starts to accept the
external triggered signal. There are two possibilities for the content of the command. One
is the triggered message from other LED lights, requesting to enter the high-light mode.
The other is to set the LED lights parameters (high-light mode power (%), low-light mode
power (%), high-light duration (T), field domain), and then the system checks whether the
connection continues and repeats the whole process.

When the proposed system starts to receive externally triggered signals, it will run
in the low-light mode if no pedestrian/vehicle is detected and will continue to receive
triggered signals. As long as pedestrians or cars are passing by, they will immediately turn
into the high-light mode. It lasts for T seconds (the user can set the parameter T through
the IoT module, and its default value is 30 s), and it will automatically switch to low-light
mode after T seconds.
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The proposed system can also upload the LED lights’ high-light mode power, low-
light mode power, high-light duration T, field and other parameters, and Master-Slave
mode control data to the cloud through Wi-Fi 2.4 GHz wireless transmission. The terminal
device performs parameter settings. The terminal device can be a mobile phone, tablet,
or computer. When the Master LED light receives the command information from the
cloud, it will immediately transmit it to other slave LED lights via Wi-Fi 2.4 GHz wireless
transmission. Hence, the parameters of the LED lights belonging to the same zone can be
easily set together instead of individually setting them one by one.

3.3. Hardware Implementation of the Proposed System

Figure 6 shows a hardware block diagram of the proposed IoT-based intelligent LED
light. The power supply module adopts 110/220 V universal voltage. The central processing
unit (MCU) [36] executes according to the parameter value sent by the communication
module. Moreover, the MCU sends a control command to the LED brightness control
module to determine the power ratio and intensity of the LED high-/low-light duration.
The communication module is a Wi-Fi 2.4 GHz wireless transmission module responsible
for data transmission with the cloud and transmission between the proposed IoT-based
intelligent LED lights.

The communication module in Figure 6 is a Wi-Fi module, and its data transmission
methods can generally be divided into two types: message-queuing telemetry transport
(MQTT) and the HyperText transfer protocol (HTTP). We use the MQTT architecture. This
is because compared to the HTTP architecture, MQTT architecture is in transmission and
can reduce power consumption. In addition, the MCU of the IoT LED in Figure 6 will be
responsible for uploading the collected data to the cloud. The current data are the trigger
time of the personnel, the number of people passing by each hour, etc. These data can be
used in future strategies, and more can be added in the future, such as for detecting smoke,
CO2, PM2.5, etc., and other sensors to make the IoT LED more powerful. In addition, with
the parameters uploaded to the cloud via the web, such as field F, high-light mode power
WH, low-light mode power WL, and high-light duration T, the IoT LED will actively receive
and store these parameters.

The communication transmission we adopt in this article is based on the MQTT
architecture [31,34]. Hence, the proposed system can synchronize the time with the central
server every minute, avoiding related problems caused by mistimed synchronization and
data delay, described as follows:
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1. The finite element machine architecture is used to write programs, so the proposed
IoT-based intelligent LED light will automatically ignore it to avoid errors when false
data injection happens.

2. A timestamp scheme is used as the data recognition judgment, so the same timestamp
will only recognize one piece of data, and the data with errors due to delay will
be ignored.

3. The solution to the first two problems can prevent system resources from being
exhausted due to several applications.

An example of the preset values and settable ranges of the proposed IoT-based in-
telligent LED light parameters can be seen in Table 4. In this work, the parameters set
include field F, high-light mode power WH, low-light mode power WL, and high-light
duration T. These parameters are set to preset (default) values at the factory. Users can
access the proposed IoT-based intelligent LED light via the internet to modify it. The setting
range is shown in Table 1. The modified parameter values will also be uploaded to the
cloud through the Wi-Fi 2.4 GHz wireless transmission module for big data analysis, which
can set parameters for valuable suggestions in the future. The prototype of the proposed
IoT-based intelligent LED light is demonstrated in Figure 7.

Table 4. An example of the preset values and settable ranges of the proposed IoT-based intelligent
LED light parameters.

Parameters Preset Value Settable Ranges

Field (F) Parking
lot Corridor Stairwell Toilet

1: Parking lot
2: Corridor
3: Stairwell
4: Toilet
5. User definition

High-light mode
power (WH) 100% 100% 100% 100% 60–100%

Low-light mode
power (WL) 10% 20% 20% 40% 10–50%

High-light
duration (T) 30 s 20 s 20 s 120 s 10–180 s
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The LED brightness control module controls the brightness percentage of the high-light
and low-light modes. It adjusts the output power of the high-light and low-light modes
through pulse-width modulation (PWM) and then changes its brightness. For example,
in Table 4, the setting range of the power WH in the high-light mode is 60–100%, and the
setting range of the power WL in the low-light mode is 10–50%.

When no one is passing by, the proposed IoT-based intelligent LED lights in the same
zone will operate in “low-light mode” simultaneously. When any one of the proposed
IoT-based intelligent LED lights in this zone detects a person passing by (as shown in
Figure 8), the wireless transmission module transmits the message to other IoT-based
intelligent LED lights in the same zone and adjusts the brightness to the “high-light mode”;
at the same time, instead of sequentially lighting up the proposed IoT-based intelligent
LED lights.
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The communication module in Figure 7 adopts a Wi-Fi 2.4 GHz wireless transmission
module. This module manages the data transmission to the cloud and transmits signals
among the proposed IoT-based intelligent LED lights. The transmission method between
the proposed IoT-based intelligent LED lights is only the proposed IoT-based intelligent
LED lights set to the same channel and will be sent or received from the other proposed
IoT-based intelligent LED lights. For example, we suppose the proposed Master IoT-based
intelligent LED light channel in Figure 9 is set to “000” (dip switch is set to “000”). In
this case, the set parameters transmit to other channels and put them to “000” for the
proposed slave IoT-based intelligent LED lights via wireless communication. As for the
proposed IoT-based intelligent LED lights of different channels, this message will not be
received. Please note that the MAC address is not used to facilitate the user in setting
the area number arbitrarily because it is more convenient and direct to select the channel
via a DIP switch. Using DIP switches instead of MAC addresses for group planning is to
facilitate responses to future equipment failures. Field maintenance personnel can quickly
replace faulty equipment by setting the same DIP-switch channel to reduce the chance
of technicians coming to the scene. If the MAC address is used for group planning, IT
staff should be asked to add and delete related MAC address groups every time the faulty
device is replaced.

Therefore, the adopted DIP-switch method is more user-friendly and in line with
actual usage. Moreover, when installing an extensive new parking lot lighting system, LED
lights are vast. We suppose the group planning is carried out by the MAC address method
at the bottom layer. In that case, the staff must enter the system to set the MAC address
group to distinguish which LEDs belong to that group, but when the DIP switch is used
to set the group in the field, the grouping speed will be much faster, thus the reason for
adopting a DIP-switch-based scheme for setting the group in the zones.



Appl. Sci. 2022, 12, 420 13 of 23Appl. Sci. 2022, 12, x FOR PEER REVIEW 13 of 23 
 

 
Figure 9. The proposed IoT-based intelligent LED light with channel set to “000”. 

Therefore, the adopted DIP-switch method is more user-friendly and in line with ac-
tual usage. Moreover, when installing an extensive new parking lot lighting system, LED 
lights are vast. We suppose the group planning is carried out by the MAC address method 
at the bottom layer. In that case, the staff must enter the system to set the MAC address 
group to distinguish which LEDs belong to that group, but when the DIP switch is used 
to set the group in the field, the grouping speed will be much faster, thus the reason for 
adopting a DIP-switch-based scheme for setting the group in the zones. 

This is a function designed for a large field. Because of a large zone, hundreds of 
proposed IoT-based intelligent LED lights may need to be set. It is a vast project to estab-
lish such a large number of the proposed IoT-based intelligent LED lights so that the chan-
nel values can be the same. The proposed IoT-based intelligent LED lights can be set to 
the same parameter value simultaneously and save effort and time. For example, using 
the large parking lot in Figure 2, we can set the channel of all proposed IoT-based intelli-
gent LED lights in zone 1 to “001”, all proposed IoT-based intelligent LED lights in zone 
2 to “002”, and all proposed IoT-based intelligent LED lights in zone 3 to “003”, etc. Hence, 
we can easily set a large number of the proposed IoT-based intelligent LED lights. The 
various parameters can be set through the DIP switch of the control circuit in the proposed 
IoT-based intelligent LED light. Furthermore, we can also set up related parameters via 
our developed mobile app, as shown in Figure 10. The adopted electronic components 
and their specifications for the proposed IoT-based intelligent LED light are arranged and 
listed in Table 5. 

Table 5. The adopted electronic components and their specifications for the proposed IoT-based 
intelligent LED light. 

No. Name Description 
1 MCU Arduino Nano MCU adopted 

2 Motion sensor 
Microwave radar sensor switch module (hu-

man body detector sensor), RCWL-0516 
adopted 

3 Communication module 2.4 GHz Wi-Fi wireless communication mod-
ule (NINA-W102 adopted) 

4 Miscellaneous Micro switch, DIP switch LEDs, wires, etc. 
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This is a function designed for a large field. Because of a large zone, hundreds of
proposed IoT-based intelligent LED lights may need to be set. It is a vast project to establish
such a large number of the proposed IoT-based intelligent LED lights so that the channel
values can be the same. The proposed IoT-based intelligent LED lights can be set to the
same parameter value simultaneously and save effort and time. For example, using the
large parking lot in Figure 2, we can set the channel of all proposed IoT-based intelligent
LED lights in zone 1 to “001”, all proposed IoT-based intelligent LED lights in zone 2 to
“002”, and all proposed IoT-based intelligent LED lights in zone 3 to “003”, etc. Hence,
we can easily set a large number of the proposed IoT-based intelligent LED lights. The
various parameters can be set through the DIP switch of the control circuit in the proposed
IoT-based intelligent LED light. Furthermore, we can also set up related parameters via
our developed mobile app, as shown in Figure 10. The adopted electronic components and
their specifications for the proposed IoT-based intelligent LED light are arranged and listed
in Table 5.
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Table 5. The adopted electronic components and their specifications for the proposed IoT-based
intelligent LED light.

No. Name Description

1 MCU Arduino Nano MCU adopted

2 Motion sensor Microwave radar sensor switch module (human
body detector sensor), RCWL-0516 adopted

3 Communication module 2.4 GHz Wi-Fi wireless communication module
(NINA-W102 adopted)

4 Miscellaneous Micro switch, DIP switch LEDs, wires, etc.

3.4. Energy Consumption Calculation

The proposed IoT-based intelligent LED light is divided into a high-light mode and
a low-light mode. Therefore, it is more complicated to calculate the power consumption,
unlike ordinary non-inductive LED lights. The factors that affect the power consumption
include high-light mode power WH, low-light mode power WL, high-light duration T, the
frequency of people and vehicles passing, whether there is continuous triggering, and so on.

To facilitate the derivation of the formula, we refer to the calculation method of power
consumption in [1,35]. It is assumed that pedestrians and vehicles will not stay for too long
when they pass by and pass by after T seconds, which means there is no continuous trigger.
In this case, the elapsed time of people and vehicles is average and scattered (because it is
uneven, the total power is the same as long as there is no continuous trigger).

Below, in addition to calculating the electric energy consumed by each proposed LED
light per hour, we also calculated the electric power consumed by each proposed LED light
in a year. We compared traditional non-inductive LED lights for the amount of energy
saved, the cost savings, and the reduced carbon emissions to calculate its energy-saving
rate (ESR). Finally, we use a parking lot as an example to calculate the total cost savings of
the entire parking lot.

We illustrate how to calculate each proposed LED’s light energy consumed per hour
according to the power changes in the high-light mode and the low-light mode, as shown
in Figure 11. P(t) is used to describe the power change between the high-light mode and
the low-light mode. Other parameters are described, as can be seen in Table 6.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 23 
 

 
Figure 11. Power changes in high-light mode and low-light mode. 

Table 6. Parameter descriptions. 

Parameter Description 

T 
The number of seconds that the high-light mode is maintained when someone 
passes by; the proposed IoT-based intelligent LED light defaults to 30 s 

F 
The number of pedestrians passing by per hour; that is, the frequency of the 
high-light mode being activated per hour 

WH Power in high-light mode; the default power of the proposed IoT-based intel-
ligent LED light is 15 W in high-light mode (default value is 100%) 

WL The power in low-light mode; the default power of the proposed IoT-based 
intelligent LED light is 1.5 W in low-light mode (default value is 10%) 

Because of the previous assumption that “pedestrian’s elapsed time is average and 
scattered”, the elapsed time length of each person is 3600/f (f > 0). For the first pedestrian, 
0~T seconds is the high-light mode, and T~3600/f second is the low-light mode, so we can 
calculate the electric energy Eph consumed by a proposed IoT-based intelligent LED light 
per hour by calculating the area: 

if f = 0 
Eph = (׬ 𝑃ሺ𝑡ሻ𝑑𝑡36000 ) J 

׬) = 𝑊𝐿𝑑𝑡36000 ) J 

׬) = 𝑊௅𝑑𝑡ଷ଺଴଴଴ )/3.6 × 106 kW h 

(1)

If f > 0 
Eph = f × (׬ 𝑃ሺ𝑡ሻ𝑑𝑡𝑇0 ׬ +  𝑃ሺ𝑡ሻ𝑑𝑡3600/𝑓𝑇 ) J 

= f × (׬ 𝑊𝐻𝑑𝑡𝑇0 ׬ +  𝑊𝐿𝑑𝑡3600/𝑓𝑇 ) J 

= f × (׬ 𝑊ு𝑑𝑡଴் ׬ +  𝑊௅𝑑𝑡ଷ଺଴଴/௙் )/3.6 × 106 kW h 

(2) 

In addition, we assume that the lights in the parking lot are turned on 24 h a day, and 
a total of 365 × 24 = 8760 h are turned on in a year. Therefore, the annual electric energy 
Epy consumed by the proposed IoT-based intelligent LED light is: 

Epy= ∑ 𝐸௣௛ ൌ  𝐸ph × 8760 kW h (3) 

Compared with the general non-inductive lamp: 15 W T8 LED tube (only 15 W in full 
light mode), the electric energy consumed by each lamp per year is (15 W/1000) × 8760 = 
131.4 kW⋅h, we can calculate if the general non-induction lamp 15 W T8 LED tube is 

Figure 11. Power changes in high-light mode and low-light mode.



Appl. Sci. 2022, 12, 420 15 of 23

Table 6. Parameter descriptions.

Parameter Description

T
The number of seconds that the high-light mode is maintained when
someone passes by; the proposed IoT-based intelligent LED light
defaults to 30 s

F The number of pedestrians passing by per hour; that is, the frequency
of the high-light mode being activated per hour

WH
Power in high-light mode; the default power of the proposed IoT-based
intelligent LED light is 15 W in high-light mode (default value is 100%)

WL

The power in low-light mode; the default power of the proposed
IoT-based intelligent LED light is 1.5 W in low-light mode (default
value is 10%)

Because of the previous assumption that “pedestrian’s elapsed time is average and
scattered”, the elapsed time length of each person is 3600/f (f > 0). For the first pedestrian,
0~T seconds is the high-light mode, and T~3600/f second is the low-light mode, so we can
calculate the electric energy Eph consumed by a proposed IoT-based intelligent LED light
per hour by calculating the area:

if f = 0
Eph =

(∫ 3600
0 P(t)dt

)
J

=
(∫ 3600

0 WLdt
)

J

=
(∫ 3600

0 WLdt )/3.6 × 106 kW h

(1)

If f > 0

Eph = f ×
(∫ T

0 P(t)dt +
∫ 3600/ f

T P(t)dt
)

J

= f ×
(∫ T

0 WHdt +
∫ 3600/ f

T WLdt
)

J

= f ×
(∫ T

0 WHdt+
∫ 3600/ f

T WLdt)/3.6 × 106 kWh

(2)

In addition, we assume that the lights in the parking lot are turned on 24 h a day, and
a total of 365 × 24 = 8760 h are turned on in a year. Therefore, the annual electric energy
Epy consumed by the proposed IoT-based intelligent LED light is:

Epy = ∑ Eph = Eph × 8760 kW h (3)

Compared with the general non-inductive lamp: 15 W T8 LED tube (only 15 W in full
light mode), the electric energy consumed by each lamp per year is (15 W/1000) × 8760
= 131.4 kW·h, we can calculate if the general non-induction lamp 15 W T8 LED tube is
changed to the proposed IoT-based intelligent light (new induction lamp), its energy-saving
rate ESR, the amount of electricity saved per lamp per year Dpy, and the annual saving
cost Mpy (assuming 4 TWD per kilowatt-hour of electricity), the carbon emission reduction
Cpy in a year, etc. are calculated as follows (each kilowatt hour (kW·h) can generate
0.623 kgCO2e carbon emissions:

ESR = (15 − Eph)/15 ∗ 100% (4)

Dpy = 131.4 − Eph ∗ 8760 kW h (5)

Mpy = (131.4 − Eph ∗ 8760) kW·h ∗ 4 TWD/kW h (6)

Cpy = (131.4 − Eph ∗ 8760) kW·h ∗ 0.623 kgCO2e/kW h (7)
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4. Experimental Results Analysis and Discussion
4.1. Energy Saving Rate (ESR) Calculation

As there is a close relationship between the ESR of the proposed IoT-based intelligent
LED light and the number of activations of the high-light mode per hour f, this subsection
will discuss the ESR and the number of triggers of the high-light mode per hour f, the
relationship between this two, and calculate the maximum and minimum ESR.

First, from Equation (4), it can be established that there is an inverse correlation be-
tween ESR and the Eph of electric energy consumed by each proposed IoT-based intelligent
LED light per hour. Equations (1) and (2), demonstrate that Eph is directly proportional to
the number of activations of the hourly high-light mode f. Hence, it can be seen that the
ESR is inversely proportional to the number of triggers of the high-light mode per hour f.

Next, we discuss the range of frequency the high-light mode is triggered per hour f.
The minimum value is 0, indicating that no one passes by within an hour, and the maximum
value is 3600/T, which means that every time someone passes by is T seconds. Someone
passes by again immediately, without interruption (that is, within one hour, the high-light
mode is from beginning to end), so the range of f is 0 ≤ f ≤ 3600/T. The default value of T
for this work is 30 s, so 0 ≤ f ≤ 120.

We replace different f -values into the Eph equation to calculate the values of Epy, ESR,
Dpy, Mpy, and Cpy, compared with the general non-inductive lamp 15 W T8 LED tube, as
shown in Table 7. Due to limited space, only the essential parts are listed (f -value interval
six printed out).

Table 7. Eph, Epy, ESR, Dpy, Mpy, Cpy values of each proposed IoT-based intelligent LED light with
different f values.

f Eph (kW h) Epy (kW h) ESR (%) Dpy (kW h) Mpy (TWD) Cpy (kgCO2e)

0 0.0015 13.1400 90.00% 118.2600 473.040 73.676

1 0.0016 14.1255 89.25% 117.2745 469.098 73.062

6 0.0022 19.0530 85.50% 112.3470 449.388 69.992

12 0.0029 24.9660 81.00% 106.4340 425.736 66.308

18 0.0035 30.8790 76.50% 100.5210 402.084 62.625

24 0.0042 36.7920 72.00% 94.6080 378.432 58.941

30 0.0049 42.7050 67.50% 88.6950 354.780 55.257

36 0.0056 48.6180 63.00% 82.7820 331.128 51.573

42 0.0062 54.5310 58.50% 76.8690 307.476 47.889

48 0.0069 60.4440 54.00% 70.9560 283.824 44.206

54 0.0076 66.3570 49.50% 65.0430 260.172 40.522

60 0.0083 72.2700 45.00% 59.1300 236.520 36.838

66 0.0089 78.1830 40.50% 53.2170 212.868 33.154

72 0.0096 84.0960 36.00% 47.3040 189.216 29.470

78 0.0103 90.0090 31.50% 41.3910 165.564 25.787

84 0.0110 95.9220 27.00% 35.4780 141.912 22.103

90 0.0116 101.8350 22.50% 29.5650 118.260 18.419

96 0.0123 107.7480 18.00% 23.6520 94.608 14.735

102 0.0130 113.6610 13.50% 17.7390 70.956 11.051

108 0.0137 119.5740 9.00% 11.8260 47.304 7.368

114 0.0143 125.4870 4.50% 5.9130 23.652 3.684

120 0.0150 131.4000 0.00% 0.0000 0.000 0.000
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Table 7 indicates that 90.00% of the maximum ESR occurs when f = 0 (indicating
that no one passes by within 1 h). The same is true for other Dpy, Mpy, and Cpy values.
The ESR increases as the T value increases. With a linear decline, when f = 120 (means
that people continuously pass by within 1 h), the ESR drops to 0%, but this is unlikely to
happen because induction lights are usually installed in places where fewer people pass by.
Figure 12 shows a graph of the relationship between the ESR and f -value.
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Figure 13 shows the measured hourly (H) ESR change chart of a parking lot. After
recording the actual number of people per hour and referring to Table 4, we can obtain the
ESR for that hour and draw the daily ESR change chart. Taking the first hour of Monday as
an example, with f = 1, after referring to Table 5, we can see that the ESR is 89.25%. Some
results from Figure 13a–h can be observed as follows:

1. Most of the f -values at 0–5 o’clock every day are close to 0, so the ESR is very close
to 90%, but Saturdays and Sundays are exceptions. A possible reason for this is that
people are relatively late to bed because there are usually parties on weekends due to
other events.

2. Most daily commuting hours or the noon hour have a high f -value, so the ESR is
close to 80%, but typically people are not working on Saturdays and Sundays. Only
noontime is more frequent, and the ESR value is around 80%.

3. This community’s daily garbage disposal time is 22:00, so the f -value is high at
22:00 every day, and the ESR value is low, except on Sundays, because the community
does not collect garbage on Sundays.
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4.2. Case Study for ESR Calculation

The energy-saving analysis was conducted by taking one parking lot as a demonstra-
tion. We assume that the parking lot is divided into 16 zones. Each zone has 16 LED lights
for a total of 256 LED lights. Assuming that all are changed to the proposed IoT-based
intelligent LED lights, we use the reduction in electricity consumption over the same period
of the year to illustrates its energy-saving effects and expected results. The proposed
system can set the parameter settings of each proposed IoT-based intelligent LED light
in the parking lot via the Wi-Fi 2.4 GHz wireless transmission module without wasting
human resources.

We use 265 lights to estimate the reduction in electricity consumption over the same
period of the year. Still, to calculate electricity consumption more accurately, we assume
that 12 people pass through each light hour (approximately one person passes) for 5 min,
which is more average. We can directly refer to Table 3 to calculate (directly take the Epy,
Dpy, Mpy, and Cpy values of f = 12), as follows:

1. The power consumption of 256 lights of this work in one year (Epy value of f = 12 is
24.966): 24.966 ∗ 256 = 6391.296 kW h.

2. 15 W T8 LED tube (non-inductive light, only 15 W in full light mode): 15 ∗ 24 ∗ 365 ∗
256 = 33,638,400 W h = 33,638.4 kW h.

3. Reduced power consumption per year for 256 lights (Dpy value of f = 12 is 106.434):
106.434 ∗ 256 = 27,247.104 kW h.

4. Reduced cost of 256 lights in one year (Mpy value of f = 12 is 425.736): 425.736 ∗ 256 =
108,988.416 TWD.

5. Carbon emissions reduced by 256 lights in one year (Cpy value of f = 12 is 66.308):
66.308 ∗ 256 = 16,974.848 kgCO2e.

Therefore, as long as we change all 16 zones of the parking lot (each zone has 16 LED
lights) to the proposed IoT-based intelligent LED lights, we can obtain the following
expected results (assuming that there are 24 h a day, 12 people pass by every hour, and
every degree is 4 TWD (Yuan)). Please note that the above calculation is only for the LED
light part, and the part of the control circuit is omitted. Reduced electricity consumption,
cost, and carbon emissions of the parking lot during the same year by using the proposed
system are shown in Table 8. Finally, the ESR achieves 81% energy efficiency, saves
180,998.416 TWD/year, and reduces CO2 emissions by about 16,974.848 kgCO2e.
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Table 8. Reduced electricity consumption, cost, and carbon emissions of a parking lot during the
same year.

Electricity Consumption
before Improvement

(Degrees/Year)

Electricity Consumption
after Improvement

(Degrees/Year)

Power Saving
(Degrees/Year) ESR

Electricity Bills
Savings

(Yuan/Year)

Reduced CO2
Emissions
(kgCO2e)

33,638.4 6391.296 27,247.104 81% 108,988.416 16,974.848

As a result, if the area is reduced to a 100 square meter parking lot, the illuminance
standard of a general parking lot is about 100–200 LUX. According to actual measurement,
installing an LED tube every 2.5 m can meet this requirement, so a 100 square meter parking
lot is approximately (10/2.5) ∗ (10/2.5) =16 LED lights are needed to illuminate. When
converted in Table 8, the annual electricity bill can be saved by 108,988.416/16 = CNY
6811.776 (the same is assuming 24 h a day, every hour 12 people are passing by and 4 TWD
per degree).

5. Conclusions

In this article, a low-cost easy-to-install Master-Slave intelligent LED light-controlling
system has been proposed, which is based on Internet of Things (IoT) techniques. The
proposed system has been adopted and installed so the LED lights’ brightness in the
same zone can be changed simultaneously to save energy consumption. Moreover, the
parameters of the LED lights can be directly set. Furthermore, the related collected data
can be uploaded to the cloud platform. In this article, we have used a parking lot as a case
study. Experimental results showed that when the proposed system is installed in a zone
with few people, the energy-saving rate will be as high as 90%. Moreover, when 12 people
pass by the zone within one hour, its energy-saving rate can reach up to 81%.

Therefore, for large-scale fields, the proposed system can also directly set the parame-
ters of LED lights via Wi-Fi 2.4 G Hz wireless transmission modules to uniformly set each
LED light in the large-scale field parameter setting. Therefore, the proposed system is not
only suitable for small families (as long as the lamp is replaced with the proposed IoT-
based intelligent LED light), but it is suitable for large-scale public zones such as buildings,
communities, factories, warehouses, etc., where people and vehicles pass by for a short
time, and even general street lighting is also a very suitable target that could adopt the
proposed system.

As a result, the detailed calculations have been demonstrated in the case study for ESR
calculation section. In a parking lot with 16 areas (each area has 16 LED lights), if 12 people
pass by each hour and each degree is priced at CNY 4 (yuan), it will be available every year.
It saves CNY 108,988.416 and reduces the CO2 emissions of 16,974.848 kg. What’s more
amazing is that its energy-saving rate is as high as 81%.

The most suitable area for the work is where people and vehicles will pass by for a
short time. If it is used in an office, it is not practical. In the future, we will strengthen
and improve this work to be used in office environments (places where people stay for a
long time). The current preliminary idea is to combine the help of counters to distinguish
whether there are people in the space correctly.

Finally, the advantages and contributions of this work compared to other systems are
summarized, as follows.

• We have improved the traditional sensor lights with motion sensors of low- and high-
light modes. LED lights in the same zone will simultaneously change to the high-light
mode instead of sequentially lighting up each LED.

• The proposed system can retain the original lamp holder without wiring and setting
up a server. It can achieve the energy-saving purpose of an intelligent LED light-
controlling system.

• The parameters of the LED lights can be set directly via the IoT, and the collected data
can also be uploaded to the cloud.



Appl. Sci. 2022, 12, 420 21 of 23

• The proposed system has a high power-saving rate. If the proposed system is installed
where few people pass by, the energy-saving rate will be as high as 90%. When
12 people pass by every hour, the energy-saving rate is 81%.
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