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Abstract

This study proposes a fade lighting control method to ensure the visual comfort of indoor occupants through
gradual illuminance control while saving energy. The illuminance sensor measures the indoor illuminance and
calculates the required illuminance for achieving a reference illuminance of 500 Lux. The control illuminance for
each lighting is derived based on the required illuminance, and it is confirmed to fall within the threshold range of
20%. The illuminance values and time intervals for fade lighting control are calculated, ensuring that the amount of
illuminance adjustment is divided by the size of the threshold range or less. In the performance evaluation, the
proposed method (experimental group) was compared with the influence-based control method (control group). The
result shows that this fade lighting control method minimizes the visual discomfort of occupants caused by sudden

changes in lighting, and the same energy-saving of 11-42% is achieved as the control group.
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1. Introduction

Modern people spend most of their time indoors, leading to an increase in energy consumption of indoor lighting [1-3].
To reduce this energy consumption, research has been conducted to introduce natural light into indoor lighting environments
[4-5]. Furthermore, introducing natural light has been highly recommended due to its potential health benefits for occupants,
especially in the workplace. It increases work productivity, reduces stress, and improves employee satisfaction. [6-7]. However,
light levels could change rapidly depending on weather conditions; for instance, when the sun is covered by clouds [8-9]. In
environments with a high concentration of large buildings, rapid changes in illuminance could also occur when the sun appears
or disappears [10-12]. Therefore, to maintain the indoor reference illuminance according to the purpose of the lighting, rapid

illuminance changes are inevitable.

Rapid changes in illuminance could cause the irises of occupants to contract or relax rapidly, resulting in visual discomfort
and reduced work efficiency [13-15]. Various methods have been proposed to address the problems caused by drastic changes
in lighting illuminance. Liu et al. [16] presented a deep q-network (DQN) algorithm-based control method for lighting
illuminance that responds to human density and changes in natural light. Through deep reinforcement learning (DRL), the
system calculates the best lighting mode, balancing comfort and energy efficiency. It dynamically adjusts to environmental
changes, minimizing manual interventions. As a result, their DQN-based approach realized up to 62% power savings compared
to conventional lighting systems. Kruisselbrink et al. [17] developed a method to regulate lighting according to indoor
illuminance and natural light conditions. Algorithm 1 used proportional control, while Algorithm 2 chose from 13 predefined
scenes. Every 30 seconds, the best scene is determined based on current illuminance. Notably, Algorithm 2 outperformed

Algorithm 1 in achieving consistent illuminance and realized a significant 70% energy savings.

* Corresponding author. E-mail address: defacto@kongju.ac.kr

English language proofreader: Jing-Heng Yen



Proceedings of Engineering and Technology Innovation, vol. 25, 2023, pp. 54-62 55

Papinutto et al. [18] introduced a lighting control system that leverages machine learning (ML) to optimize the use of
natural light and reduce energy consumption. The system maximizes daylight while using a task light to decrease the need for
lighting, and it incorporates an automated strategy for blinds to prevent discomfort glare. This system’s ML component
accurately predicts key indicators such as work plane illuminance and daylight glare probability, facilitating real-time
adjustments of blinds and electric lighting. The system achieves an energy saving of 35 Wh on average compared to manual

room operations by users.

Previous studies have mostly proposed solutions to alleviate the visual discomfort of occupants via an excessive influx
of natural light. However, there has been a lack of research on lighting control methods that respond to the rapidly changing
natural light caused by weather conditions and the external environment, with the goal to mitigate the visual discomfort of the

occupants.

This study proposed a fade lighting control method to address sudden changes in indoor illuminance, aiming to reduce
visual discomfort for occupants and energy consumption. The fade lighting control method minimizes visual discomfort by
gradually controlling the illuminance of the lighting within a threshold range (20% of the current illuminance) when a sudden

change in illuminance occurs.

In this study, the illuminance sensor (TSL 4531, ams AG, Austria) was placed at various points in the room, and the indoor
illuminance change was measured according to the inflow of natural light. The reference illuminance that the indoor lighting
environment should maintain is 500 lux, which is in line with the recommended indoor illuminance of KS A 3011 standard,
ranging from 300 to 600 lux [19-20]. Then, the control lighting was selected, and the control illuminance was derived through
the influence-based lighting control algorithm for energy-saving. If the control illuminance of a lighting exceeds the threshold
range, the illuminance of the lighting is gradually controlled by dividing the control illuminance and adjusting the time interval.
This prevents sudden changes in indoor illuminance and minimizes the visual discomfort of occupants. The performance of
the fade lighting control method was evaluated by comparing indoor illuminance and energy consumption with and without

its application.

2. Fade Lighting Control Method

The proposed fade lighting control method gradually adjusted the illuminance of individual lighting within a specific
threshold range to minimize the residents’ ocular strain when sudden changes in indoor illuminance occur. Fig. 1 is a

conceptual diagram of the fading lighting control method.
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Fig. 1 Conceptual diagram of the fading lighting control method
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As shown in Fig. 1, the fade lighting control method measured the illuminance changes at various points in the indoor
space according to the amount of natural light inflow. The illuminance at each point was collected every second, and the
average illuminance was calculated. The required illuminance to match the reference illuminance (500 lux) was calculated
based on the indoor average illuminance. Subsequently, the calculated illuminance was checked to determine if it exceeded
the threshold range. If the required illuminance exceeded the threshold range, the illuminance of the lighting was progressively
managed by dividing the control illuminance and adjusting the time interval. Fig. 2 is a flowchart of the fade lighting control
method.
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Fig. 2 Flowchart of the fade lighting control method

In the indoor optical characteristic calculation module in Fig. 2, the average illuminance and required illuminance were
calculated from the point-by-point illuminance and stored in the collection database. In the influence control module, influence
represents the contribution of illuminance that lighting makes to multiple points. Control lightings were selected based on their
influence relative to the required illuminance. The control illuminance values of the selected lightings were then derived to
fulfill the required illuminance. The threshold exceedance check module verified whether the control illuminance value of the
lighting exceeded the threshold. If the control illuminance value was below the threshold, the channel-specific applied current
value corresponding to the control illuminance value was sent to the lighting control module. If it was out of the threshold

range, the control illuminance value was sent to the control illuminance value division and time interval calculation module.

The control illuminance value division and time interval calculation module divided the control illuminance value into
threshold range sizes and set time intervals. After that, it sent the channel-specific applied current values corresponding to each
partitioned control illuminance value to the lighting control module. The lighting control module controlled the lighting by
sequentially transmitting the channel-specific applied current values at each time interval. This minimizes residents’ visual
discomfort while realizing energy savings in lighting. Fig. 3 depicts the pseudocode of the indoor optical characteristic

calculation module.
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illuminance at - average - or minimum » needed » and calculated
each point illuminance illuminance point illuminance data in database

Fig. 3 Flow of the indoor optical characteristic calculation module
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First, the indoor optical characteristic calculation module collected illuminance from sensing data measured at each point
in the room according to the inflow of natural light. Next, the average illuminance (Illum,,4) of each point indoors (Illum,)

was calculated as:

Hllum,
1

ey

Hlum , =2=
avg n

Then, the maximum and minimum illuminance points were found from the illuminance at each point in the room. After that,
the required illuminance(/llun,,.q4) for the average indoor illuminance to meet the reference illuminance(/llung;,) can be

found as:

Illum

need

= lllum ,, — 1llum,,,, )

Fianlly, the sensed and calculated data were stored in the collection database. Where x is the number of the lightings in the n

lightings.

The influence control module used influence-based lighting control algorithms to save energy [16]. Based on this, lighting
control saves 11-42% more energy compared to the general lighting environment that provides a fixed illuminance [21].
Control points and lights were selected based on influence, and the required illuminance for each control light was calculated.
For the average illuminance in the room to meet the reference illuminance, the required illuminance should be zero. To achieve
this, the control illuminance value of the selected lights was calculated based on the influence level. To mitigate the visual
discomfort of the occupants due to sudden changes in lighting, the control illuminance values of the lights were checked to see

if they exceeded the threshold range. Fig. 4 shows the pseudocode of the threshold exceedance check module.

1: Calculate threshold rage illuminance

2: If control values > threshold range of illuminance

3:  Send control values to control illuminance value division and time interval calculation
4: else

5:  Send control values to lighting control

6: endif

Fig. 4 Pseudocode of the threshold exceedance check module

In line 1 of Fig. 4, the threshold range illuminance for each lighting was calculated. If the control illuminance value of
the lighting exceeds the threshold range in line 2, the control illuminance value of the lighting is sent to the control illuminance
division and time interval calculation module in line 3 to derive the illuminance value for each step of the fade lighting control.
If the threshold range is not exceeded in line 2, the channel-specific applied current value corresponding to the controlled
illuminance value of the lighting is sent to the lighting control module in line 5. Fig. 5 shows the pseudocode of the control

illuminance value division and time interval calculation module.

Calculate Send divided control

divided control - Cal.culate e - values and time intervals
intervals .
values to lighting control

Fig. 5 Flow of the control illuminance value division and time interval calculation module
The calculation of the fade control illuminance value (FadeCtrillum, ) in line 1 of Fig. 5 is obtained by

y-1
FadeCtrlllum, , = [Currlllumx + z FadeCtrlllum, Jx 0.2 3)

z=0
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Currlllum,, represents the current illuminance at point x, and the first control illuminance value with y=1 has no fade
control illuminance value at step y-1; therefore, FadeCtrl llum(x_o) is set to 0. Each time a fade control illuminance value is
generated, the number (SegCount) of steps in the fade control illuminance value is incremented by 1. This was repeated to
create an array of fade control illuminance values. If the sum of the fade control illuminance values exceeds the required
illuminance, the last value is removed. The remaining control illuminance value (RestCtrlllum ) was then derived using:

SegCount—1

RestCtrlilum, = Illum,,,,— . FadeCtrlllum, 4)

z=0
The remaining control illuminance was calculated by subtracting the sum of the FadeCtrIllum, oy from the required
illuminance (Illun,q.q) to meet the room average illuminance. All controls could be completed within 60 seconds, and the
fade control time interval can be calculated by:

Fadelnterval = __ 0 (5)

SegCount

| |isan integer, discarding the decimal point. x is the number of lights in n lights, and y is the step number of the fade control

illuminance value divided into m pieces.

The fade control illuminance values were divided by the magnitude of the threshold range illuminance values to make
the room’s average illuminance meet the reference illuminance while keeping the lighting control to a minimum. Subsequently,
an array of channel-specific applied current values and time intervals corresponding to the divided fade control illuminance

values were sent to the lighting control module. Fig. 6 shows the pseudocode of the lighting control module.

1: If control values is array

2:  fori =0 to length of control values

3 If curr time — prev time >= time interval
4: Send control values|i] to lighting

5: endif

6:  endfor

7: else

8:  Send control values to lighting

Fig. 6 Pseudocode of the lighting control module

As shown in Lines 1 and 7 of Fig. 6, the applied current values for each channel of the lightings were divided into two
cases: fade control and one-step control within the threshold range. In the fade control case, lines 2 through 6 sequentially send
the applied current value of the fade control to the lightings at each control interval (Fadelnterval). For a single control
within the threshold range, line 8 sends it directly to the lighting. This was to minimize the visual discomfort of the occupants
in a situation of rapid illuminance change while satisfying the standard illuminance (500 Lux) and reducing the energy

consumption of the lighting.

3. Experiment and Analysis

To evaluate the performance of the fade lighting control method proposed in this study, an experimental environment was
constructed and an experiment with rapidly increasing and decreasing illuminance was organized. Fig. 7 shows the

experimental environment.

The experimental environment had dimensions of 650 cm x 560 cm x 270 cm (width, length, height), and 30 LED lights
(5 rows x 6 columns) were installed on the ceiling, each individually controllable. A wattmeter was installed at the power

source of the lights to measure the power consumption of the lightings. Nine illuminance sensors were placed on the floor at
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a height of 85 cm from the floor surface according to the KS C 7612 illuminance measurement method. Subsequently, to
compare the variations in illuminance and energy-saving performance resulting from the application of the proposed method,
a control group utilizing an influence-based lighting control algorithm was established. Furthermore, an experimental group
was formed by augmenting the control group’s method with the proposed fade lighting control. The experiments were
conducted under the assumption of rapid changes in indoor illuminance. Fig. 8 illustrates the outcomes of lighting control in

scenarios where there is a sudden decrease in natural light influx, necessitating an increase in illuminance.
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Fig. 8 Experiment where there was a sudden decrease in natural light inflow

3.1. Experimental Condition 1: Increase the illuminance of the lighting

Experiment 1 was set up in a situation where the sun was covered by clouds, reducing the incoming illuminance of natural
light. The experimental group was controlled to gradually increase the illuminance of the light by applying the fade lighting

control method as shown in Fig. 8. The control group was controlled to increase 200 lux (about 66.7% of the current

illuminance) at a time in the STEP 1 situation.
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Table 1 Result of Experiment 1

STEP Average Illuminance (Lux) Power (W)
Control Group Experiment Group | Control Group | Experiment Group
STEP 0 500 500 71.17 71.17
STEP 1 300 300 71.17 71.17
STEP 2 | 500 (66.7% increase) | 360 (20% increase) 106.24 81.69
STEP 3 500 432 (20% increase) 106.24 94.31
STEP 4 500 500 (15.7% increase) 106.24 106.24

In STEP O of Table 1, both the control and experimental groups started with an average illuminance of 500 Lux and a
power consumption of 71.17W. In STEP 1, the sun is covered by clouds and the indoor illuminance decreases rapidly (200
lux). In STEP 2, the control group met the baseline illuminance (500 lux) by increasing 200 lux at a time. However, the sudden
change in illuminance (about 66.7% of the current illuminance) caused glare to the occupants. This occurs frequently from
sunrise to sunset on bad weather days, causing visual discomfort to the occupants. At this time, the control group consumed
106.24W of power due to the increased illuminance. The experimental group was controlled by gradually increasing the
illuminance within the threshold range from STEP 2 to STEP 3. In STEP 4, the remaining illuminance was controlled to
maintain the baseline illuminance. The energy of the experimental group gradually increased, and upon the completion of the

control, it consumed the same power of 106.24W as the control group.

The power consumption (W) indicated in Table 1 represents the unit power consumption per unit of time, and the energy
usage of the lighting corresponds to the consumption over a 1-hour period. In Steps 1 to 4, the control group consumed 1.62
Wh of power over 1 minute, while the experimental group consumed 1.47 Wh. As a result, the experimental group consumed

9.36% (0.15 Wh) less energy per minute for lighting compared to the control group.

Experiment 2 was set up in a situation where the sun came out of the clouds and the incoming illuminance of natural light
was increased by 200 lux (40% of the existing illuminance), resulting in an average indoor illuminance of 700 lux. The
experimental group was the opposite of Experiment 1, with a gradual decrease in illuminance. The control group was controlled

to decrease 200 lux (28.6% of the current illuminance) at a time.

3.2. Experimental Condition 2: Decrease the illuminance of the lighting

Table 2 Result of Experiment 2

STEP Average Illuminance (Lux) Power (W)
Control Group Experiment Group | Control Group | Experiment Group
STEP 0 500 500 106.24 106.24
STEP 1 700 700 106.24 106.24
STEP 2 | 500 (28.6% decrease) | 560 (20% decrease) 71.17 81.69
STEP 3 500 500 (10.7% decrease) 71.17 71.17

In STEP 0 of Table 2, both the control and experimental groups started with an average illuminance of 500 Lux and a
power consumption of 106.24W. In STEP 1, the sun came out of the clouds and the indoor illuminance increased rapidly (200
lux). In STEP 2, the control group maintained the baseline illuminance (500 lux) by reducing 200 lux of illuminance at a time.
The experimental group was reduced to an illuminance level within the threshold range in STEP 2. In STEP 3, the baseline
illuminance was maintained by controlling the remaining illuminance to achieve zero required illuminance. The energy of the
experimental group was gradually reduced, and after the control was completed, the experimental group consumed 71.17W of

power, the same as the control group.

From Step 1 to Step 3, the control group consumed 1.38 Wh of power over 1 minute, while the experimental group
consumed 1.44 Wh. As a result, compared to the control group, the experimental group consumed 4.23% (0.06 Wh) more

energy per minute for lighting. However, in Experiment 1, the experimental group consumed 0.09 Wh less energy than the
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control group, effectively achieving an additional energy saving of 0.05 Wh. On the other hand, the control group induced
visual discomfort in occupants by implementing illuminance control beyond the threshold range; whereas the experimental
group managed to both alleviate visual discomfort and achieve energy savings by maintaining control within the threshold

range, consuming less energy compared to the control group.

4. Conclusions

In this study, a fade lighting control method is proposed to prevent sudden changes in lighting. This method involved
measuring room illuminance changes and adjusting based on the intensity of natural light. The strategy revolved around an
established control threshold (20% of current illuminance). If exceeded, the light control illuminance and time interval were

adjusted.

To evaluate the performance of the proposed method, an environment with multiple lightings was set up, and illuminance
and energy were measured. In two experiments, sudden decreases and increases in natural light were simulated. The control
group made immediate adjustments, while the experimental group modulated illuminance gradually. The control group
frequently experienced visual discomfort due to sudden changes, while the experimental group maintained changes within a

comfortable range.

In Experiment 1, the experimental group consumed 0.09 Wh (9.36%) less energy per minute compared to the control group.
In Experiment 2, the experimental group consumed 0.04 Wh (4.23%) more energy per minute than the control group. For the
control group, the influence-based control method was applied, showing an energy-saving effect of 11-42% compared to
conventional lighting environments with fixed illuminance. Additionally, the experimental group consumed 0.05 Wh less energy
per minute than the control group. It is predicted that the energy-saving effect of the experimental group over the control group
would increase further in scenarios where lighting variations continue due to unfavorable weather conditions. Thus, the proposed

method minimized the visual discomfort of the occupants while reducing the energy of lighting by introducing natural light.

In the future, a real-time control system can be constructed with a fading lighting control method. Experiments can be
conducted from sunrise to sunset under various weather conditions and seasons to validate the performance of the proposed
method. This study has limitations as it conducted simulation experiments assuming rapid changes in indoor illumination.
Ensuring the same level of performance throughout the entire day in real-world applications is uncertain. Therefore, the
performance in real environments with varying weather conditions and levels of illumination changes offers the direction for

future research.
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