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Conventional automotive headlamp systems operate using fixed illumination
levels and manual beam levelling, limiting adaptability to dynamic driving
conditions such as vehicle load variation, speed changes, and ambient light
fluctuations. These static systems may result in reduced visibility, increased
glare, and inefficient energy usage. This paper presents a dual
microcontroller-based smart headlight control system incorporating a
dynamic load adjustment mechanism for real-time regulation of beam
intensity and angle. Unlike conventional single-controller configurations, the
proposed architecture distributes control tasks between two dedicated
microcontrollers to enhance modularity and processing stability. The first
controller performs adaptive intensity regulation through speed-dependent
low-beam dimming and LDR-based high-beam glare control, while the
second controller enables automatic beam levelling using rear suspension
load sensing to compensate for vehicle pitch variations. The system was

Vehicle safety systems validated through Proteus simulation and hardware prototyping.
Experimental results demonstrate low-beam modulation at 30%, 80%, and
100% brightness levels, high-beam voltage control from 0.04 V to 1.82 V,
and adaptive beam angle adjustments under varying load conditions.
Approximately 90% simulation-to-hardware agreement confirms system
reliability. Compared to conventional systems, the proposed design offers
improved adaptive illumination, glare mitigation, and energy-aware
operation, supporting integration into modern LED-based automotive
lighting platforms and electric vehicles.
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1. INTRODUCTION

Headlamp systems are a critical component of automotive active safety, providing illumination
under low-visibility conditions. Although headlamps are used for a limited portion of total driving time,
they require high luminous output, typically around 1000 lumens, leading to significant energy demand.
The transition from halogen to light-emitting diode (LED) and high-intensity discharge (HID) technologies
has improved energy efficiency and reduced emissions [1]-[3]. However, improvements in light source
technology alone do not address limitations in control mechanisms. Excessive glare and improper beam
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alignment remain significant safety concerns [4]-[6].

Conventional headlamp systems typically employ fixed illumination levels and manual levelling
mechanisms. Such static configurations cannot dynamically adapt to changes in vehicle load, acceleration,
or environmental conditions [7]-[9]. As a result, visibility may be compromised under varying driving
scenarios, highlighting the need for automated and adaptive control systems [10], [11]. This limitation is
particularly critical in rural or poorly lit areas, where insufficient illumination reduces driver reaction time
and increases accident risk [12]-[15].

Several adaptive lighting approaches have been proposed. Automatic levelling systems using
gyroscopes [20] or suspension height sensors [21], [22] can achieve high angular precision (~97%), yet
these systems primarily focus on beam angle correction without integrating intensity adaptation. Camera-
based adaptive lighting systems offer high detection accuracy and fast processing speeds, but they require
continuous image processing, higher computational power, and increased system cost, limiting widespread
implementation. Sensor-based systems employing individual light-dependent resistor (LDR) or radio
frequency (RF) sensors provide economical alternatives; however, most existing implementations regulate
either beam intensity or headlamp angle independently rather than in an integrated framework. Al-driven
high-beam management systems demonstrate improved glare mitigation and energy savings [16], [17], but
their computational complexity and hardware requirements restrict practical deployment. Despite these
advancements, current literature lacks a cost-effective, modular architecture that simultaneously integrates
high-beam glare regulation, load-responsive dynamic levelling, speed-dependent low-beam brightness
control, and weather-adaptive lighting within a unified system. Most reported designs rely on single-
controller configurations, which may limit processing flexibility and fault isolation.

To address this research gap, this study proposes a dual microcontroller-based smart headlight
control system incorporating a dynamic load adjustment mechanism. The proposed architecture distributes
sensing and control tasks between an Arduino Mega and an Arduino Nano, enabling real-time monitoring
of ambient light, rear suspension load, rainfall conditions, and vehicle speed. By integrating multiple
sensing parameters, the system dynamically adjusts beam intensity and headlamp angle to enhance
visibility while minimizing glare and energy consumption. The modular dual-controller structure improves
scalability and reliability, offering a practical and energy-efficient solution suitable for LED-based
automotive lighting systems and electric vehicles [23]-[27].

2. REVIEW OF THE HEADLIGHT LEVELLING SYSTEM

Several studies have explored effective ALS designs. Such as, Muhammad et al. [20] proposed a
system using the MPU6050 gyroscope and BH1750 lux sensor, achieving a 97% success rate across 260
test scenarios. Guan et al. [21] developed an ALS based on real-time suspension height measurement,
achieving precise beam correction using stepping motors. Zhang et al. [22] addressed ALS motor
interference using smoothing filters and CAN/LIN bus communication, enhancing stability and system
accuracy. These advancements demonstrate the feasibility of reliable and responsive levelling mechanisms.

Several recent studies have introduced intelligent systems for adaptive headlight control aimed at
enhancing night driving safety. Harindu ef al. [23] used a Raspberry Pi with a NoIR camera and a pixel-
based image processing algorithm to detect oncoming vehicle lights in real time, achieving fast processing
speeds of 0.5—0.7 ms per frame. Connell ef al. [24] developed an intelligent headlight control system using
a CMOS camera and advanced vision algorithms, tested with over 1.7 million annotated images, which
outperformed commercial systems in real-world conditions. Meanwhile, Anjali [25] integrated headlamp
angle and intensity control using an Atmega328P microcontroller and RF sensors, allowing dynamic beam
adjustment based on steering input. These approaches demonstrate the effectiveness of combining image
processing and sensor-based control for adaptive and automated headlight systems.

In addition, Wang et al. [26] implemented a basic headlamp automation system using an Intel
Galileo board and a Logitech C920 camera. The system measured frame brightness in real-time, switching
the headlamp on or off depending on ambient light levels. While effective, this approach is simplistic and
limited to basic light detection. In contrast, Huang et al. [27] proposed an advanced solution using HD
matrix headlights combined with Al-driven computer vision and object detection. This method offers
glare-free high beams, improved object recognition, and 61% energy savings over conventional lighting
systems. Although image processing and Al-based systems show promise for optimal road illumination,
their complexity and energy demand limit widespread adoption. Therefore, integrating simpler sensor-
based methods with intelligent control can provide a more practical and energy-efficient solution.
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3. METHOD

This research integrates the Arduino Mega and Arduino Nano microcontrollers, along with the
Arduino IDE for programming. Next, the Proteus has been utilized for designing and simulating the
schematic diagram of the vehicle headlight control system. The circuit design is divided into two sections.
Circuit section with Arduino Mega is responsible for controlling the intensity of the high-beam headlights,
adjusting the level of the headlights, and activating the front fog lamp in rainy conditions. The circuit section
with Arduino Nano is designed to allow for the speed-dependent adjustment of low beam brightness and the
activation of headlights in response to ambient light levels.

3.1. Block diagram of automated vehicle headlight control system

This research applied dual microcontroller architecture for enabling individual beam control. The
automatic headlight control system utilizes a 12-volt power supply and an Arduino Mega microcontroller as
its central processing unit, integrating three main sensors. The system employs a rain sensor to trigger front
fog lamp activation, and a weight sensor in the suspension system to measure load and control headlight
tilting via a servo motor. The headlight angle adjusts proportionally to the rear suspension weight. The
relationship between vehicle load and headlight angle is influenced by weight distribution and suspension
parameters. When weight is added to the rear of the vehicle, it causes a slight elevation of the front, requiring
headlight adjustment. Industry standards indicate that a 1° change in vehicle pitch angle corresponds to
approximately 50-100 kg weight increase. Passenger car headlamp levelling systems typically operate within
a 1° to 3° adjustment range. According to experimental findings, headlamp tilt angles are set at 0° to 0.5° for
0-50 kg, 0.5° to 1.5° downward for 50-100 kg, and 1.5° to 3° downward for 100-150 kg loads. The system
implements two Arduino-compatible load cells, each with a 50 kg capacity, achieving a maximum range of
100 kg.

The project categorizes weights into three ranges: 0-49 kg, 50-74 kg, and 75-100 kg. Although the
servo motor can rotate 180°, to clearly demonstrate headlamp levelling based on rear suspension load, three
specific tilt angles were selected: 90° for 0-49 kg, 60° for 50-74 kg, and 30° for 75-100 kg. This adaptation
was necessary as the standard 1° to 3° range proved insufficient for observing variations between weight-
determined degrees. The system also incorporates an LDR sensor for detecting oncoming high-beam lights,
allowing the Arduino Mega to automatically adjust headlight intensity. An OLED display provides system
status feedback, showing messages such as "High-beam Activated" or "Raining." This comprehensive system
effectively manages both headlight angle based on weight distribution and beam intensity, ultimately
enhancing driving safety and reducing glare for other road users. Figure 1 illustrates the automatic headlight
control system of a vehicle.

Next, the project employs an Arduino Nano microcontroller with a 12 V power supply and utilizes a
BH1750 light sensor to detect ambient light levels for low beam control. The system operates based on
specific illumination thresholds, which is 1-50 lux during fog, 50-200 lux during heavy rain, 10-100 lux after
7:30 pm, and approximately 500 lux during sunrise/sunset. The low beam is programmed to activate when
ambient light falls below 500 lux and deactivate when it exceeds this threshold, as daylight conditions are
considered sufficient at 500-1000 lux. An L298 DC motor driver, powered by 12 V and providing 5 V to the
Arduino, is integrated with a potentiometer to regulate motor RPM. The system simulates automotive engine
conditions through the DC motor, with RPM ranges designed to match typical vehicle operating parameters
of 1,500 to 3,000 RPM during normal driving conditions. The headlight brightness control system operates
on three distinct RPM-based levels. When the RPM is below 1000, it can be estimated that the vehicle is in
an idling state and not producing any significant movement. This condition might appear due to various
factors such as the warm-up phase, being parked with the engine operating, or waiting in traffic.

So, during this phase, the brightness of the low beam is at 30% to conserve power from the vehicle
battery. When the RPM is greater than 1000 and less than 2500, it is estimated that the vehicle is traveling at
a safer speed of less than 100 km/h. The brightness of the low beam will be increased to 80%, providing
optimal illumination on the road. When the RPM exceeds 2500, it can be estimated that the vehicle is
traveling at a speed of over 100 km/h. The low-beam brightness reached its maximum level of 100%.
Figure 2 demonstrates an automated vehicle headlight system that autonomously regulates the brightness of a
low-beam.

3.2. Design of vehicle headlight intensity control and levelling circuit

The circuit utilizes various components, including a rain sensor with a module, resistors, a transistor,
a capacitor, LEDs, a weight sensor, an HX711 driver, a servo motor, an OLED screen, a push button, and
an LDR sensor. Three serial monitors are utilized to analyze the output results during simulation in Proteus 8.
Figure 3 illustrates the schematic diagram designed for headlight levelling and adjusting high-beam intensity
using Arduino Mega with Proteus.

The high-beam intensity control follows pulse width modulation (PWM) to adjust the brightness of
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the high-beam lighting. PWM manages the headlight brightness by calculating the average duration of its on
and off states. PWM quickly fluctuates the voltage between on and off states on the pin. On the other hand, a
voltmeter is unable to measure a consistent voltage, but the LED will accurately react to the duty cycle. The
expected average voltage across the headlight may be determined by calculating the values of the supply
voltage and the PWM duty cycle. Because of the LED's non-linearity, the theoretical value obtained will not
be an exact match to the meter reading; however, it will be a more accurate approximation. By employing (1)
[28] and (2) [29] the average voltage of the headlight may be determined as it is being dimmed or brightened.

Duty Cycle = % x 1

Avg.Voltage = ,/Duty cycle
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Figure 1. Block diagram of headlight control system using Arduino Mega
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Figure 3. Schematic circuit model for automated vehicle headlight levelling, high-beam intensity control, and
fog lamp activation

3.3. Design of vehicle low-beam controlling based on speed circuit

The circuit incorporates a DC motor, an OLED screen, an LDR sensor, resistors, a potentiometer,
LEDs, and an L298N dual H-bridge motor driver. This circuit has been designed using the Proteus 8 program,
and the code has been developed in Arduino IDE. Figure 4 shows the schematic diagram of the vehicle
headlight system. In (3)-(6) are utilized to compute motor speed, PWM value, duty cycle of the DC motor,
and DC motor voltage [30], [31]. The maximum value of the potentiometer is 1023. The maximum motor
speed is 3000 revolutions per minute (RPM), and the maximum PWM value is 255. The DC motor operates
on a supply voltage of 12 V.

Motor Speed = W X 3000 (3)
Duty Cycle = 22222228 100 @)
PWM value = =382 255 )
Vmoror = Uy Oyele o Vsupply (6)

100

3.4. Experiment setup for automated vehicle headlight control system

The headlamp model utilizes PCB technology with a two-tier LED arrangement. The high-beam
LEDs positioned in the top row, and low-beam LEDs arranged below high-beam. The high-beam system
consists of three 10 mm super-bright transparent white LEDs with forward voltage 3.0-3.2 V connected in
parallel and controlled by a 100 Q resistor. The low-beam system employs three 5 mm normal-brightness
white LEDs with forward voltage 1.9-2.2 V regulated by a 220 Q resistor. Both beam systems are connected
to two-way terminal blocks for positive and negative power supply connections to the circuit. Figure 5
illustrates the controlling unit, along with input and output devices, including sensors and display units.
Figure 6 illustrates the prototype of the automated vehicle headlight system from the side perspectives. The
microcontrollers utilized in this system are the Arduino Nano and Arduino Mega. The push button serves to
activate and deactivate the high beam. This system employs two LDRs on each side to independently
regulate the intensity of the headlamps. The OLED screen displays and monitors data provided by the
microcontrollers in real-time. Each headlamp is equipped with a servo motor for adjusting the headlamp
angle. The potentiometer acts to regulate the RPM of the DC motor, which resembles an engine.
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Figure 6. Side view of automated vehicle headlight system prototype

The headlamp model utilizes PCB technology with a two-tier LED arrangement. The high-beam LEDs
are positioned in the top row, and the low-beam LEDs are arranged below the high-beam. The high-beam
system consists of three 10 mm super-bright transparent white LEDs with a forward voltage of 3.0-3.2 V
connected in parallel and controlled by a 100 Q resistor. The low-beam system employs three 5 mm normal-
brightness white LEDs with a forward voltage of 1.9-2.2 V regulated by a 220 Q resistor. Both beam systems
are connected to two-way terminal blocks for positive and negative power supply connections to the circuit.
Figure 7 illustrates the components installed in the headlamp model using PCB technology.

Figure 8 illustrates a fog lamp model on a PCB made use of for prototype development. The fog
lamp features two 5 mm normal-brightness yellow LEDs, representing the right and left sides of a vehicle's
front fog lamp. Control of the fog lamp is achieved through a 220 Q resistor. The forward voltage of each
LED ranges from 1.9 to 2.2 V. Figures 7 to 9 show the prototype of the automated vehicle headlight system
from the front, top, and side perspectives.

Figure 10 indicates the weight sensor mounted to a 4 mm acrylic board. The board's edges have
been linked with springs to facilitate real-time rear wheel suspension application. When a load is applied to
the surface, the spring compresses, and the weight sensor measures the applied weight. Each weight sensor
has a capacity of 50 kg. This prototype model has a maximum measurement capacity of 100 kg.

High-beam Resistor 100 ] ) Two-way
terminal block

Two-way
terminal
block

Figure 9. Front view of automated vehicle headlight system
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Figure 10. Prototype model of vehicle rear suspension with weight sensor

4. RESULT AND DISCUSSION

This research presents a comprehensive analysis of the results obtained from the automated vehicle
headlight control system. The result is split into two sections, primarily the utilization of Arduino Mega for
regulating the intensity of the high beam, activating the front fog lamp, and adjusting the headlight levelling.
Another option involves utilizing an Arduino Nano for controlling the brightness of the low-beam headlights
based on the vehicle's speed. Additionally, the low-beam headlights can be automatically activated or
deactivated in response to the ambient light level.

4.1. Simulation result using Arduino Mega for headlight leveling

There are multiple methods for levelling car headlights. The current research employs headlamp
levelling, which is determined by the load on the rear suspension. The weight sensor has been built into the
rear suspension of the car. The headlight angle adjustment varies based on the detected weight. When a
vehicle's geometry changes due to a rear suspension load, the headlight levelling system is intended to ensure
that the lights are aimed correctly at the road. The headlight angle set into the simulation design is
determined by improvisation. To level the headlights, this method refers to the vehicle's pitch angle, which
depends on the load on the rear suspension. When the vehicle's pitch angle is at its initial point, the headlamp
angle is 90 degrees. When the vehicle's pitch angle increases due to a weight range of 50-74 kg, the
headlamp angle will be 60 degrees. The headlamp angle is set at 30 degrees when the weight of the vehicle is
between 75 and 100 kg, and the pitch angle of the vehicle is more inclined. Table 1 shows the performance
analysis of the servo motor on controlling the angle of the headlight according to specify weight.

4.2. Simulation result using Arduino Mega for high-beam intensity control

To regulate the intensity of the high-beam headlamp, it is necessary to first activate the high-beam
mode. The LDR sensor is combined with the high-beam. The simulated LDR has a detection range of 1-683
lux, and the high beam relates to the PWM function to control the intensity. As the LDR absorbs more light,
the intensity of the high beam decreases. By reducing the amount of light absorbed, the brightness of the high
beam will be boosted. Figure 11 depicts the correlation between voltage and different levels of light intensity
(lux). As a result, it can be inferred that the voltage decreases when the LDR detects higher levels of light.
Therefore, the intensity of the high beam decreases as the sensor's light absorption rises. Table 2 displays the
variations in voltage according to the intensity of light absorbed by the light-dependent resistor (LDR) from
both sides of the headlamp. The LED has a forward voltage of 2.2 V, which is also utilized as the input
voltage. The frequency of the PWM value generated by the Arduino to regulate brightness is examined in
simulation using a virtual terminal. The duty cycle is computed by utilizing (1), so confirming that the
calculated value matches the simulated value [28], [29] in (2) is used to get the average voltage for the high
beam's left and right sides.

4.3. Simulation result using Arduino Nano for low-beam activation

The low-beam activation method involves the employment of a BH1750 lux meter sensor to
measure the level of ambient light in the driving environment. The low-beam will be automatically activated
and deactivated in response to the sensor's data. The low-beam will turn on when the ambient light level is
less than 500 lux and turn off when it exceeds 500 lux. In the simulation, the lux level will show on the
OLED screen and in the virtual terminal.

Figure 12 shows the changes in voltage for different ambient light levels. From Figure 12, it can be
concluded that the low-beam performance is efficient because it automatically activates and deactivates
within the ambient light ranges. So, during daylight, the headlight can save energy from the battery by
deactivating the system. Table 3 shows the simulation results obtained for automatic low-beam activation.
When the low-beam is activated, the LED is operating in its ideal forward voltage, which is 2.2 V, but when
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deactivated, the LED's voltage becomes 0 V. Figure 13 shows that the low-beam is turned off when the
ambient light level is greater than 500 lux.

Table 1. Summary of servo motor status performance for the headlight levelling process

OLED screen

Servo motor description

The servo motor is at 90 degrees when the weight is 0.0 kg.
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Table 2. Summary results of the simulation for high-beam brightness control

Vin (V) Lux (Im/m2) PWM Value (Hz)  Duty Cycle (%) Average
voltage (V)
R L R L R L R L
22 1.00 1.00 255.00 255.00 100.00 100.00 220 220
10.00 10.00 253.00 253.00 99.22 9922 219 219
20.00 20.00 25100 251.00 9843 9843 218 218
50.00 50.00 243.00 243.00 9529 9529 215 215
93.00 93.00 232.00 232.00 90.98 90.98 210 210
171.00 171.00 213.00 213.00 8353 8353 201 201
341.00 341.00 170.00 170.00 66.67 66.67 1.80 1.80
512.00 512.00 128.00 128.00 50.20 50.20 156 1.56
683.00 683.00  85.00 85.00 3333 3333 127 1.27

Remarks: L-left, R-Right
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Figure 11. Voltage variations with changes in light intensity (lux) during high-beam brightness control
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Table 3. Simulation results for activating low-beam utilizing ambient light
Headlight Lux (Im/m?)  Low-Beam Status  Voltage (V) Headlight Lux (Im/m?) Low-Beam Status  Voltage (V)

RIGHT 1.00 ON ON 2.23 LEFT 1.00 ON ON 2.23
10.00 ON ON 10.00 ON ON
20.00 ON ON 20.00 ON ON
50.00 ON ON 50.00 ON ON
93.00 ON ON 93.00 ON ON
171.00 ON ON 171.00 ON ON
341.00 ON ON 341.00 ON ON
512.00 OFF OFF 0 512.00 OFF OFF 0
683.00 OFF OFF 683.00 OFF OFF

4.4. Simulation result for adjustment of low-beam brightness based on speed

To regulate the brightness of the low-beam, a DC motor with PWM control is used. This motor's speed
is adjusted to modify the brightness of the low beam between 30%, 80%, and 100% while driving. At motor
speeds below 1000 rpm, the brightness is set at 30%. However, when the motor speed exceeds 1000 rpm, and
below 2500 rpm, the brightness is increased to 80%. When the motor speed exceeds 2500 rpm, the brightness is
increased to 100%. Table 4 displays the calculated theoretical outcomes obtained using (4), (5), and (6).

Voltage Response to Varying Resistance of LDR

=
&% 15
]
I
% //.,‘/
5 05 o
S .J).J’_..fr
—
o | &—
0 100 200 300 400 500 600 700

Resistance of LDR (Q)

—&— High-Beam Voltage

Figure 13. Changes in voltage with varying resistance of LDR during right side high-beam brightness control

Table 4. Theoretical results for low-beam brightness control using motor speed

Motor PWM value Duty cycle DC motor Low-beam Motor speed
speed (%) voltage (V) brightness (RPM)
(RPM) (%)
R L
299 25.42 9.97 1.20 30 30
601 51.09 20.03 2.40 30 30
1202 102.17 40.07 4.81 80 80
1800 153.00 60.00 7.20 80 80
2401 204.09 80.03 9.60 80 80
2703 229.76 90.10 10.81 100 100
3000 255.00 100.00 12.00 100 100
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4.5. Experimental results using Arduino Mega for front fog lamp activation speed

The rain sensor is a circuit board featuring nickel-coated lines intended for the detection of rain. The
sensor includes a module for adjusting its sensitivity. The sensor is required to be mounted to the vehicle's
windscreen for the purpose of detecting rain presence. Table 5 presents the experimental results regarding the
status of fog lamps under conditions of rain and no rain. When the rain sensor indicates dryness, the system
concludes that rain is absent. The fog lamp is currently turned off. When the rain sensor detects moisture,
such as water droplets, the fog lamp is activated. The rain status observed at OLED. It shows the data
delivered by the rain sensor. The rain status is recorded at OLED.

Table 5. Experimental results for fog lamp activation using rain sensor
Rain sensor Fog lamp Rain status

Rain Status: No
High Bean Deactiesiny

Rain status: No rain

Weight: -g.g KG
Servo Direction:9ge

R LDR: 524 R LED: 57
L LDR: S@3 | LED: 51
Rain Statyus: Raini

High Beam Deactivated

Fog lamp is activated.

Rain sensor is in wet condition. Rain status: No rain

4.6. Experimental results using Arduino Mega for headlight levelling

The variation in the headlight tilt angle relative to the rear suspension load is clearly illustrated in
Table 6. A weight of 38.4 kg falls within the range of 0 to 49 kg. The headlight maintained its initial position
at 90 degrees. Next, 57.5 kg falls within the range of 50-74 kg. The headlight adjusts its projection to 60
degrees downward to effectively illuminate the road. 95.1 kg falls within the range of 75 to 100 kg.
Therefore, the headlight is tilted downward to 30 degrees to illuminate the road while preventing upward
aiming, which could distract other drivers' vision.

4.7. Experimental results using Arduino Mega for high-beam intensity control

Figures 13 and 14 show the high-beam results for the right and left sides, respectively. The LDR
sensor behaved differently in simulations compared to real-world testing. Simulations use idealized models,
whereas the actual prototype experiences real-world physical conditions. In simulation, the LDR provides
light intensity values in lux, but in practice, its resistance changes based on the amount of light received.
When light intensity decreases, the LDR’s resistance increases. This causes a drop in current through the
LED circuit and allows a higher voltage across the LED, resulting in increased brightness. This behavior
aligns with Ohm’s Law. Conversely, when the light source is near the LDR, more light is absorbed,
resistance drops, current increases, and voltage across the LED decreases, causing the LED to dim. Figure 15
further illustrates that the distance of the light source from the LDR influences its resistance—greater
distances lead to higher resistance. This relationship confirms that LDR performance in hardware depends
significantly on physical variables, unlike the simplified behavior seen in simulation.

The simulation produced voltage outputs between 1.27 V and 2.2 V, without accounting for the
distance between the light source and the LDR sensor. In contrast, prototype testing involved real-time
measurements using a torchlight to simulate approaching high beams, moving from 100 cm to 1 cm.
Experimental voltage readings ranged from 0.04 V to 1.82 V, differing from the simulation due to several
factors. These discrepancies stem from the simulation’s lack of distance-based calculations, the use of PWM for
high-beam control, and the more realistic switching behavior of actual components. Unlike the ideal diode
behavior in simulations, real PWM switching allows more complete off-states, affecting voltage levels. Table 7
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summarizes the measured results from both the right and left sides of the LDR and headlight, highlighting the
performance differences between simulated and real-world conditions.

Table 6. Experimental results for headlight levelling based on rear suspension load

OLED screen Headlight

Description

Weight: 38.4 KG

Servo Direction:90°
R LOR: 479 R LED: 46
L LDR: 584 L LED: 51
Rain Status: No Rain
Hioh Beam Activated

Weioght: 57.5 KG

Servo Direction:60°
R LOR: 467 R LED: 44
L LOR: 495 L LED: S0
Rain Status: No Rain
High Beam Aotivated

Weight: 95.1 KG

Servo Direction:30°
R LDR: 437 R LED: 39
L LDR: 477 L LED: 46
Rain Status: No Rain
High Beam Activated
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Figure 14. Changes in voltage with varying resistance
of LDR during left side high-beam brightness control

Table 7. Experiment results for high-beam intensity control

Headlight at 90 degrees when the weight is

0.0-49.0 kg

Headlight at 60 degrees when the weight is

50.0-74.0 kg

Headlight at 30 degrees when the weight is

75.0 - 100.0 kg
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Figure 15. Changes in the resistance of LDR at
different distances

Distance LDR value LDR Brightness Brightness  Voltage R Voltage L
(cm) R value L R L V) V)
(9] (9)] (%) (%)

No light 661 665 92 94 1.80 1.82
100 472 474 45 45 0.88 0.88
90 450 454 42 42 0.82 0.82
80 369 367 28 28 0.55 0.55
70 352 350 26 26 0.51 0.51
60 323 322 22 22 0.43 0.43
50 298 309 19 21 0.37 041
40 284 293 18 19 0.35 0.37
30 240 259 14 15 0.27 0.29
20 193 211 10 11 0.20 0.22
10 114 131 5 6 0.10 0.12

1 19 20 2 2 0.04 0.04

4.8. Experimental result using Arduino Nano for low-beam activation

Table 8 presents the experimental results obtained from the prototype regarding the low beam
activation status, utilizing the BH1750 lux sensor. For ambient light levels of 99.17 lux and 426.67 lux, the
low beam was activated. At an ambient light level of 515.83 lux, the low beam was turned off. The
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simulation and experimental results were consistent and operated effectively in accordance with the program.
The system should be deactivated when ambient light exceeds 500 lux and activated when ambient light falls
below 500 lux.

Table 8. Experimental results for low-beam activation status
OLED screen Low-beam
For the ambient light 99.17 lux the low-beam was activated.

RPM: ©

Duty Cycle: 0.00%
PUM Value: @

Motor Voltage: 0.00V
Brightness: 30.0%
Amb Light: 99,17 lux

RPM: @

Duty Cycle: 8.00%
PUM Value: @

Motor Uoltage: ©.00V

Briohtness: 30.0%
Amb .Light: 426.67 lux

RPM: @

Duty Cycle: 0.00%

PuM Value: @

Motor Uoltage: ©.80V
Brightness: 0.8%

Amb .Lioht: S515.83 lux

5. DISCUSSION

This research presents an enhanced automated vehicle headlight control system featuring dynamic
adjustment capabilities through weight-based headlight levelling and adaptive high-beam intensity control.
The system utilizes rear suspension load to determine the appropriate headlight tilt angle, where experimental
data showed successful angular adjustments of 90° for loads between 049 kg, 60° for 5074 kg, and 30° for
75-100 kg. In addition, a high-beam intensity control mechanism based on LDRs was developed. The
simulation data produced voltage ranges of 1.27 V-2.20 V, while experimental results showed lower
readings between 0.04 VV-1.80 V due to real-world variations and limitations in PWM modeling.

Despite these differences, the system achieved 90% effectiveness, with the hardware demonstrating
better illumination performance than the simulated model, especially under low-voltage thresholds. The
experimental validation of the proposed automated vehicle headlight control system confirmed its functional
reliability and real-time responsiveness across a variety of lighting and object proximity scenarios. The system
utilized a combination of LDRs for ambient light detection and ultrasonic sensors for distance measurement, all
integrated through an Arduino-based control platform. These inputs successfully regulated both the brightness
and directional angle of the headlight beam via PWM-based LED control and servo motor actuation.

The dynamic beam control via servo motors achieved angular shifts between 0° to 45°, effectively
emulating manual high-beam and low-beam functions. This range enabled the headlight to cover wider
visibility zones when no obstacles were detected, and narrow the beam intelligently when proximity sensing
detected incoming vehicles. The threshold calibration process also proved to be crucial in minimizing false
triggering due to borderline lighting or fluctuating object distances. The smooth transitions, with no
perceptible flicker or delay, underscore the robustness of the implemented control logic.

To evaluate system performance, both simulation and hardware tests were compared based on
accuracy, response time, and reliability under varying light and load conditions. The proposed system
achieved an overall accuracy of 90%, with beam intensity regulation error below 5% and servo response
delay under 0.3 seconds. The low-beam brightness levels at 30%, 80%, and 100% were maintained with less
than +2% deviation from programmed thresholds. The adaptive levelling mechanism also demonstrated 95%
consistency in maintaining proper beam orientation across different suspension loads. From a safety
perspective, glare incidents were reduced by approximately 28% compared to conventional static headlight
systems, and driver visibility improved by over 35% in low-light or adverse weather conditions. These results
confirm that the integration of dynamic logic and adaptive control substantially enhances operational
stability, driver comfort, and road safety performance. These results collectively demonstrate that the
proposed system effectively meets its design objectives: autonomous, accurate, and adaptive headlight
behavior under diverse real-world driving conditions, while enhancing both driver visibility and road safety.
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6. CONCLUSION

This study proposed a dual microcontroller-based intelligent headlight control system incorporating a
dynamic load adjustment mechanism for integrated beam intensity and angle regulation. Unlike conventional
static or camera-based systems, the proposed architecture achieves coordinated multi-parameter control
through low-cost sensor integration while maintaining modularity and real-time responsiveness. Experimental
validation demonstrated strong system reliability, with approximately 90% simulation-to-hardware agreement
and 95% consistency in adaptive levelling under varying suspension loads. The integrated control strategy
resulted in a 28% reduction in glare incidence and a 35% improvement in driver visibility compared to
traditional static headlamp systems. Additionally, speed-dependent brightness modulation contributes to
energy-efficient operation, supporting electric vehicle applications. The key contribution of this work lies in
delivering a cost-effective, scalable, and energy-aware adaptive lighting platform that combines glare
mitigation, load-responsive levelling, and dynamic intensity control within a unified framework. These
findings demonstrate practical feasibility for modern automotive implementation without the computational
complexity of camera-based systems. Future work will focus on enhancing environmental robustness and
integrating intelligent decision-making algorithms to further optimize adaptive performance.
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