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ABSTRACT

This study presents the design and implementation of a two-axis smartphone camera stabilizer system that uses an ESP32 microcontroller with a Proportional—
Integral-Derivative (PID) control algorithm. The system is designed to maintain camera stability by minimizing unwanted vibrations and angular deviations
on the roll and pitch axes. The hardware configuration consists of an ESP32 as the main control unit, an MPU6050 sensor for real-time orientation
measurement, and two servo motors functioning as actuators for both axes. The control process operates in a closed loop, with the PID algorithm continuously
using feedback from the MPU6050 sensor to correct the camera's orientation relative to the 0° setpoint. Experimental testing was carried out over a 40-second
interval under four load conditions—no load, and additional weights of 186 g, 204 g, and 228 g—while manual disturbances were applied to simulate dynamic
movement. The PID parameters (Kp, Ki, Kd) were tuned using a trial-and-error approach to achieve optimal response speed, stability, and steady-state
accuracy. The best performance was obtained with parameter values of Kp = 1.3, Ki = 0.05, and Kd = 0, which produced the lowest accumulated error and
sTable motion across all load variations. The corresponding settling times were 2.2 s (no load), 3.2 s (186 g), 4.2 s (204 g), and 4.5 s (228 g), indicating that
increased load inertia slightly extended the stabilization period. Overall, the results indicate that the proposed ESP32-based two-axis gimbal system with PID
control provides an effective, low-cost, and reliable stabilization solution suiTable for porTable videography, robotics, and drone applications.
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I. INTRODUCTION

Technological advancements in embedded systems and automatic control have significantly impacted the development of
camera stabilization devices. All aspects of human life today are also influenced by rapid technological progress, and cameras are
among the technologies that have advanced considerably [1]. In practice, image stability is heavily influenced by the system's
ability to suppress unwanted vibrations or movements. In videography, gimbals have become a crucial tool for every videographer
to produce high-quality images and videos [2].

To improve the quality of aerial photos and videos, a system is needed to maintain the camera's position and reduce vibrations
caused by the quadcopter's motion [3]. A camera stabilizer system must have at least two axes—toll and pitch—to achieve good
stability [4]. One effective approach to address this challenge is to use a PID (Proportional-Integral-Derivative) control system,
which can provide a smooth, controlled response to changes in orientation. PID remains the most widely used controller due to its
simplicity and robustness in dealing with nonlinearities in drone and gimbal systems [5].

Two-axis camera stabilizers (2-axis gimbals) are increasingly used for their compact size and ability to stabilize horizontal and
vertical movements [6]. To support such performance, a reliable microcontroller system and accurate motion sensors are required.
The ESP32 has become one of the most popular platforms due to its high processing speed, wireless connectivity, and compatibility
with various sensors such as the MPU6050. Two-axis gimbals are commonly used for their ability to stabilize horizontal (roll) and
vertical (pitch) movements. PID control implementation in gimbals has been extensively studied. Final tuning results for the roll
axis yielded PID constants of Kp = 0.37, Ki = 0.01, and Kd = 0.29, with an average response time of 0.8 seconds. For the pitch
axis, the constants were Kp = 0.55, Ki =0.01, and Kd = 0.29, with an average response time of 0.7 seconds [7].

These results demonstrate the potential of PID methods in maintaining mechanical structure stability. IMU sensors, such as the
MPU6050, are widely used to detect pitch and roll angles in real time. Previous research has demonstrated that implementing PID
control on a quadcopter using the MPU6050 sensor yields minimal overshoot and excellent aerodynamic stability. Through balance
testing on a quadcopter using a PID controller with parameters obtained through trial and error (Kp = 1.3, Ki =0.05, and Kd = 15),
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the resulting balance response from the IMU was very fast and accurate [8]. Using the ESP32 as the core of the control system
provides flexibility in sensor signal processing and digital PID tuning.

Additionally, integration with an [2C LCD screen enables real-time monitoring of system parameters, which is crucial during
the tuning and evaluation process. The ESP32, when operated in DualCore mode, performs more optimally than in SingleCore
mode, with an average maximum loop time per cycle recorded at 75.3 ms, whereas SingleCore operation recorded 88.9 ms [9].
The ESP32 microcontroller serves as the data processing core due to its WiFi and Bluetooth connectivity, which support real-time
data transmission, and offer higher processing performance than its predecessor, the ESP8266 [22]. The combination of PID control
and the ESP32 platform promises a fast and affordable camera stabilization system.

This study aims to design and implement a two-axis smartphone camera stabilizer system based on the ESP32 microcontroller,
controlled using a PID algorithm. The primary focus of the research is to evaluate the system's performance in maintaining pitch
and roll stability and to analyze the effect of PID parameters on stabilization quality. The results of this study are expected to serve
as a foundation for developing effective, efficient, and affordable gimbal systems for everyday videography applications.

II. METHOD

This chapter outlines the methodological stages involved in designing and implementing a two-axis camera stabilizer system
based on the ESP32 microcontroller. The process includes mechanical design, electronic circuit development, software
implementation, system operation principles, PID parameter testing, and error data acquisition.

A. Camera Gimbal Mechanism Design

The mechanical design of the two-axis camera gimbal is presented from two perspectives: a side view and a top view, as shown
in Fig.1. The main structure consists of two servo motors (servo X and servo Y), arranged perpendicularly to each other, enabling
independent control of the roll and pitch axes. The smartphone is mounted on a holder directly connected to servo Y, while servo
X supports the entire upper frame structure.

Side view Top view
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Fig. 1. Mechanical Scheme of the Gimbal Mechanism

The MPU6050 sensor is positioned close to the smartphone holder to provide more accurate angle readings that correspond to
the camera's orientation. The bottom section features a handheld grip box that also serves as a battery compartment, housing the
main power switch that activates the system. Additional components, such as an I12C LCD, are placed on top of the battery box to
display angle readings or PID parameter values. A battery charging terminal is also provided on the exterior side of the box for
convenient charging without disassembling the system.

Fig. 2 Gimbal Visualization
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Fig.2 for the prototype of a two-axis gimbal system based on the ESP32, designed to stabilize the camera along the roll and pitch
axes. The system employs two servo motors as actuators and an MPU6050 sensor to detect real-time angular motion. The ESP32
microcontroller functions as the central controller, processing sensor data and adjusting servo movements using a PID control
algorithm. All components are compactly assembled onto a lightweight, rigid frame to ensure stability and minimize vibration
during operation.

B. Hardware Design
The hardware system of the two-axis gimbal stabilizer consists of several main components, including:

1) ESP32: The main advantages of this microcontroller are its relatively low cost, ease of programming, a sufficient number of
I/O pins, and an integrated WiFi adapter for Internet connectivity [10]. Table I describes the specifications of the ESP32
microcontroller.

TABLE I

ESP32 SPECIFICATIONS
Category Specification
Processor Dual-core Tensilica LX6 (up to 240 MHz)
Architecture 32-bit RISC
RAM 520 KB SRAM
Flash Memory Up to 16 MB (depending on the module/board)
WiFi 802.11 b/g/n (2.4 GHz)
Bluetooth v4.2 BR/EDR and BLE (Bluetooth Low Energy)
GPIO 34 GPIO pins
ADC 12-bit, 18 channels
DAC 2 pins, 8-bit
PWM 16 channels

2) MPU6050: The MPU6050 is a versatile Inertial Measurement Unit (IMU) sensor that integrates a 3-axis accelerometer and
a 3-axis gyroscope [11]. Table II describes the specifications of the MPU6050 module. The MPU6050 sensor communicates with
the ESP32 via the 12C protocol, which uses two main lines, SCL and SDA, typically connected to GPIO 22 and GPIO 21 on the
ESP32. Using the Wire.h and Adafruit MPU6050.h libraries in the Arduino IDE, the ESP32 initializes the sensor and reads
accelerometer and gyroscope data. These values are then processed to obtain pitch and roll angles, which the PID algorithm uses
to control the servo motors and maintain gimbal stability.

TABLE II
MPU6050 MODULE SPECIFICATIONS
Category Specification
Power Supply 33-5V
Chipset MPU-6050
Interface 12C
Pins VCC, GND, SCL, SDA, ADO, and INT
Acceleration Range +2g, +4g, +6g, £8g, +16g

3) MG995 Servo Motor: A servo is an actuator used to control position, speed, and acceleration with high precision [12].
However, in previous research, the servo angle resulted in an average error of 12.68%. The servo caused this error due to a
significant difference between the input angle and the robot's angle [21]. Table III describes the specifications of the MG995 servo.

TABLE III
MG995 SERVO SPECIFICATIONS

Category Specification
Power Supply 48-72V
Current 8.8 mA at 4.8V, 9.1 mA at 6V
Stall Current 350 mA at 4.8V, 450 mA at 6V
Speed 0.25/60°(4.8V),0.16 s/ 60° (6V)
Torque Load 8.5 kgf-cm (4.8V), 10 kgf-cm (6V)
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The diagram in Fig. 3 illustrates the connections between the system's main components, where the ESP32 serves as the central
controller, connected to the MPU6050 sensor and the 12C LCD via the I12C communication line. The two servo motors are driven
by the ESP32's PWM pins, based on the PID algorithm's output [13]. The system is powered by a Li-ion battery, connected through
a switch and a step-down voltage regulator module. A charging terminal is also provided for convenient battery recharging. This
diagram illustrates a straightforward yet effective integration of components to support the two-axis gimbal's functionality.
Additionally, the system features a voltage sensor that monitors the battery level in real-time, ensuring safe and efficient system
operation [14].

Gimbal circuit block diagram
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Fig. 3 Block Diagram of the System

C. Software Design

The software used to design this system is the Arduino IDE, which uses the C programming language. The software design of
this system utilizes the Arduino IDE due to its ease of use and compatibility with the ESP32 microcontroller. The program is
written in C/C++, enabling the control of the MPU6050 sensor, execution of the PID algorithm, and adjustment of servo motors
through PWM signals. The Arduino IDE also supports various libraries such as Wire.h and Servo.h for I12C communication and
actuator control. As an open-source platform with extensive community support, the Arduino IDE streamlines the development
and real-time testing of systems.

D. PID Calculation

The control method implemented is the PID (Proportional—Integral-Derivative) controller, which consists of three main
elements: proportional, integral, and derivative. PID control is a feedback-based method that uses a PID controller as its core
component [15]. The PID controller generates a control signal by comparing the error, which is the difference between the process
variable and the setpoint. The following is Equation (1) for PID.

.ot d
u(t) = Kp.e(t) + Ki [ e(t) + Kd = (1)
The PID equation describes that the controller output signal is determined by three primary parameters: the proportional constant
Kp, which responds to the present error; the integral constant Ki, which accumulates error over time to eliminate steady-state error;
and the derivative constant Kd, which reacts to the rate of change of the error to anticipate future variations. The combination of
these parameters allows the PID controller to produce a fast, accurate, and sTable system response to changes in the setpoint or

E. System Workflow

The diagram in Fig. 4 illustrates the workflow of a two-axis camera stabilizer system using a PID algorithm. The system begins
with a setpoint value representing the desired ideal angle of 0 degrees. This setpoint is then compared to the actual angle measured
by the MPU6050 sensor on the X-axis (roll) and Y-axis (pitch). The difference between the setpoint and the actual angle on each
axis produces an error value, which is then sent to the ESP32 microcontroller [16].
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In the microcontroller, control is carried out using two independent PID algorithms—one for the X-axis and one for the Y-axis.
Consequently, the X and Y servos do not move to identical angles, as each servo is controlled by the PID computation results for
its respective axis. The PID controller on the X-axis adjusts the roll angle, while the PID controller on the Y-axis adjusts the pitch
angle. The angle changes caused by motor movement are read again by the MPU6050 sensor, forming a closed-loop system that
enables continuous adjustment to maintain the camera's orientation stability [17]

F. PID Tunning

The tuning process of the PID (Proportional-Integral-Derivative) parameters was carried out gradually to obtain a combination
of Kp, Ki, and Kd values that produced the most sTable and accurate system response described in Fig.5. In the initial stage, the
parameters were manually adjusted using a trial-and-error approach based on the system's dynamic characteristics.
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Fig. 5 PID Tuning Flowchart
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The first step was to assign initial guess values: Kp was set to a small value, while Ki and Kd were set to zero. This setup aimed
to observe how the system responded solely to the proportional action. If the system showed a slow response or failed to reach the
setpoint, the Kp value was gradually increased. This adjustment continued until the system exhibited a fast response while
maintaining stability without excessive oscillations. However, if the Kp value was too high, the system tended to oscillate or even
become unsTable due to increased sensitivity to errors.

Once the optimal Kp value was determined, the next step was to introduce a small Ki value to correct the steady-state error. The
Ki parameter serves to eliminate accumulated errors, ensuring the system output precisely reaches the setpoint. The Ki value was
increased gradually until the system reached the setpoint more quickly. However, if Ki was increased excessively, the system could
experience significant overshoot and instability.

The next stage involved adjusting the Kd parameter, which functions to dampen oscillations and smooth the system response.
The Kd value was gradually increased to reduce overshoot caused by the addition of Ki and to accelerate the system's stabilization
process. However, if an increase in Kd caused the system to oscillate again or respond sluggishly, the Kp or Kd value had to be
reduced until a proper balance was achieved.

Overall, the tuning process was conducted by considering a balance between response speed, stability, and system accuracy. The
final values of Kp, Ki, and Kd were determined from observations of the system's response to setpoint changes, including rise time,
overshoot, settling time, and steady-state error. Through this approach, a combination of PID parameters was obtained that enabled
the two-axis gimbal system based on the ESP32 microcontroller to achieve sTable, responsive, and highly precise performance.
Increase the Kd value until the overshoot is reduced and the system approaches the setpoint. If increasing the Kd value makes the
system more unsTable, then reduce the Kp value until the overshoot approaches the setpoint [18].

G. Error Data Collection Method

System accuracy testing is performed by running the gimbal continuously for 40 seconds, during which the actual angle from the
MPUG6050 sensor is read and compared in real-time with a setpoint of 0° as the sTable position. The angle difference is calculated
as the error at each iteration and then averaged to obtain the accumulated error on the pitch and roll axes. The test is conducted
under four conditions: without load, and with smartphone loads of 186 grams, 204 grams, and 228 grams, to assess the system's
stability and consistency under varying weights. During testing, external disturbances are applied manually through movements to
simulate real-world conditions, allowing evaluation of how quickly and accurately the system returns to a sTable position [19].
This approach provides a comprehensive overview of the PID algorithm's performance in handling dynamic disturbances.

III. RESULT AND DISCUSSION

A. Analysis of Battery Voltage Reading (Voltmeter)

Table IV presents the comparison results of voltage measurements between the ESP32-based voltage divider and a reference
measuring device (an avometer). The test was conducted over a voltage range of 3.5 V to 9.3 V. The results indicate a discrepancy
between the ESP32 readings and the avometer, with the smallest error of 0.06 V and the largest of 0.76 V. The average error value
0f 0.343 V remains within the accepTable tolerance range for simple battery monitoring applications.

TABLE IV
ACCUMULATED VOLTAGE SENSOR ERROR
No Source Voltage Volt meter Esp32 AVO meter Error
V) V) V) v
1 35 35 3,56 0,06
2 4,5 4,65 4,52 0,13
3 5,5 5,78 5,51 0,27
4 6,5 6,79 6,52 0,27
5 7,5 8,1 7,53 0,57
6 8,5 9,3 8,54 0,76
Average 0,343

B. Analysis of PID Parameter Testing Results

Table V shows the accumulated angle error on the pitch and roll axes of the two-axis camera stabilizer system. The testing was
carried out by varying the PID values (Kp, Ki, Kd) and the smartphone load (none, 186 grams, 204 grams, and 228 grams) to
observe their effect on the system's ability to reach the 0° setpoint.

TABLE V
ACCUMULATED ERROR IN PID PARAMETER TESTING

No Parameter Accumulated Errors
PID No load Handphone Handphone Handphone
(186 gram) (204 gram) (228 gram )
Kp Ki Kd Roll Pitch Roll Pitch Roll Pitch Roll Pitch
1 0,5 0 0 10,8 12 12,3 12,3 11,2 11,1 10,6 9,4
2 0,7 0 0 10,1 8,6 8,2 9,1 9,2 10,3 10 11,8
3 0,9 0 0 6,5 7,1 11,3 9,4 8,8 9 8,9 9,1
4 1 0 0 7,5 6 9,7 9,4 9,5 9,3 9,9 9,4
5 1,2 0 0 7,9 6,4 10,8 9,6 8,6 9,4 8,9 9,4
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No Parameter Accumulated Errors

PID No load Handphone Handphone Handphone

(186 gram) (204 gram) (228 gram )
Kp Ki Kd Roll Pitch Roll Pitch Roll Pitch Roll Pitch

6. 1,2 0,02 0 5,4 6,4 7,7 7,5 6,5 73 6,6 7,4
7. 1,2 0,05 0 3.8 52 4,6 6,5 4,5 6,4 43 5,8
8. 1,1 0,01 0 8,6 7,6 7,1 9 7,1 9,4 9,3 8,2
9. 1,3 0,05 0 4 3,6 4,2 5,3 4,7 5,8 4 5,8
10. 1.3 0,04 0,001 4 4,6 4,9 6,1 4.9 75 4,8 5,6
11. 1 0,03 0,001 4,2 43 5,7 5,7 5,5 6,5 5,7 6
12. 1 0,05 0,001 4,5 6 4,5 4,4 4,6 4,5 3,4 4,8
13. 1,2 0,05 0,001 4,1 5,8 3.3 6,1 3,6 5 4 4,4
14. 1,3 0,06 0,002 5 5 33 4,7 39 5,5 33 4,3
15. 1,3 0,02 0,002 6,5 6,7 5,7 7,7 6,7 7,1 6,1 6,4

In the initial tests (rows 1 and 2), using a low Kp value caused the system to fail to reach the setpoint, as indicated by the high
accumulated errors across all load variations. For example, in the first row with Kp = 0.5, the pitch value was 12 and the roll value
was 10.8 under no load. This condition indicates that the corrective force provided by the controller was too weak, preventing the
actuator from generating sufficient torque to move the gimbal toward a sTable position. As a result, the system responded slowly
to changes and was unable to maintain the desired angular stability.

Conversely, in tests with excessively high Kp values (rows 14 and 15), the system exhibited oscillatory behavior, resulting in
increased accumulated error. This was especially evident in tests using a smartphone load, where in row 15 (Kp = 1.3; Ki = 0.02;
Kd = 0.002), the pitch value reached 7.7 and the roll value 5.7 for a 186-gram load, increasing further to a pitch of 7.1 and roll of
6.1 for a 228-gram load. This oscillation occurred because the system became overly sensitive to small errors, leading to an
exaggerated response and dynamic instability.

The most optimal performance was obtained when Kp was set to a moderate level, within the range of rows 4 to 10, where the
system demonstrated a good balance between response speed and stability. Within this range, the accumulated error was generally
low, allowing the system to remain sTable even under varying loads. For instance, in row 6 (Kp = 1.2; Ki = 0.02; Kd = 0), the
pitch value was 6.4 and the roll value was 5.4 under no load, and the system remained sTable with a pitch of 7.4 and roll of 6.6 at
a 228-gram load. A similar condition was observed in row 9 (Kp = 1.3; Ki = 0.05; Kd = 0), where the system recorded the lowest
accumulated error, with pitch and roll values of 3.6 and 4.0 under no load, and pitch and roll values of 4.7 and 5.8 at the maximum
load of 228 grams.

These results indicate that selecting a moderate Kp value, ranging from 1.0 to 1.3, significantly improves the system's stability
and accuracy. Additionally, the inclusion of small Ki and Kd values proved effective in smoothing the response and reducing
residual errors. However, these parameters must be carefully adjusted to avoid oscillations caused by increased sensitivity to
variations in the error signal. Therefore, the precise determination of PID parameters, particularly the proportional gain, is crucial
for maintaining optimal performance of this ESP32-based two-axis gimbal system.

C. System Response Time

Table VI presents the settling time test results for various PID parameter combinations under four load conditions: no load, 128
grams, 204 grams, and 228 grams. The settling time indicates the time required for the gimbal system to reach a sTable state at the
0° setpoint, with a maximum test duration of 30 seconds. In the initial tests (rows 1 and 2) with Kp values of 0.5 and 0.7, the system
failed to reach the setpoint within the allotted time due to insufficient proportional gain, resulting in a corrective force too weak to
drive the actuator toward a sTable position. Consequently, the recorded settling time of 30 seconds represents the upper limit of
the test rather than the actual stabilization time, indicating that the system did not achieve steady-state conditions within the test
duration.

TABLE VI
SYSTEM RESPONSE TIME
Parameter PID Settling time (Sec)

Kp Ki Kd Tanpa beban 186 Gram 204 Gram 228 Gram
0,5 0 0 30 30 30 30
0,7 0 0 28 29 30 30
0,9 0 0 25 27 26 29

1 0 0 12 15 13 15
1,2 0 0 5 7 6,2 7,5
1,2 0,02 0 33 4 6,3 7,6
1,2 0,05 0 2,7 3 4,7 8,3
1,1 0,01 0 2,2 32 42 45
1,3 0,05 0 1,3 1,6 4 53
1,3 0,04 0,001 0,9 1 2 4

1 0,03 0,001 2 2,2 43 72

1 0,05 0,001 2,1 24 7,6 6
1,2 0,05 0,001 5 4 5 8,7
1,3 0,06 0,002 53 7,3 7,3 8
1,3 0,02 0,002 7,3 5,8 6,9 9,2
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As the Kp value increased and Ki and Kd parameters were introduced, the system's performance improved significantly, with
shorter stabilization times observed across all load conditions. The parameter combination Kp = 1.3; Ki = 0.05; Kd = 0 (row 9)
produced the most optimal result, achieving the shortest settling time of 1.3 seconds without load and 4 seconds at a 228-gram
load, demonstrating an effective balance between response speed and system stability. However, in higher-gain configurations
(rows 14 and 15), the settling time increased to 9.2 seconds due to oscillations caused by excessive system sensitivity. These
findings confirm that moderate PID parameter values yield the most optimal performance, maintaining an appropriate balance
between responsiveness, stability, and positional accuracy under varying load conditions.

D. Analysis of Setpoint vs. Actual Value Graph

The graphs presented the two-axis gimbal system's response to the setpoint (0°) on the X and Y axes, with variations in the
proportional constant (Kp) of the PID algorithm and smartphone loads attached to the gimbal, namely, no load, 186 grams, 204
grams, and 228 grams. This testing aims to evaluate the system's ability to reach and maintain a sTable position in the presence of
external disturbances under various loading conditions.

Fig.6 illustrates the explanation of the X and Y axis degrees in relation to the Setpoint value. In the no-load test, the system
exhibited a relatively fast response but significant overshoot and initial oscillation, mainly due to the absence of additional mass
that would otherwise provide mechanical damping. With fairly aggressive PID parameters (without Kd), the system stabilized
quickly; however, this led to small, recurring vibrations, indicating insufficient damping of high-frequency noise. The overall
settling time in this condition was approximately 2.2 seconds, the fastest of all tests due to the system's minimal inertia.

X axis and Y axis against the setpoint value
(No Load)
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Fig. 6 X Axis and Y Axis Graphs Compared to Setpoint

Fig.7 shows the explanation of the X and Y axis angles in relation to the Setpoint value. The addition of a 186-gram load and a
slight increase in Kd resulted in the system demonstrating improved damping of the initial oscillations. Overshoot still occurred
but was more quickly controlled, and high-frequency vibrations began to diminish, especially on the X-axis. These parameters
provided a better balance between responsiveness and stability compared to the no-load condition. The settling time increased
slightly to 3.2 seconds, indicating that the added mass provided mechanical damping, reducing oscillations but requiring a longer
time to reach steady-state stability.

Fig. 8 explains the X- and Y-axis angles relative to the Setpoint value. Despite using the same parameters as in the no-load
condition, the system exhibited a greater initial overshoot under a 204-gram load, particularly on the Y-axis. However, the added
weight provided a natural damping effect, allowing the system to reach stability more quickly, even without the Kd contribution.
This indicates that system stability is influenced not only by PID tuning but also by the load's mass. The settling time for this test
was recorded at 4.2 seconds, indicating that the increased inertia caused by the heavier load slowed the system's return to a sTable
state, despite maintaining good steady-state accuracy.
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X axis and Y axis relative to the set point value
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Fig. 7 X Axis and Y Axis Graphs Compared to Setpoint

X axis and Y axis relative to the set point value
(Load 204 grams)
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Fig. 8 X Axis and Y Axis Graphs Compared to Setpoint

Fig. 9 above explains the angles of the X and Y axes relative to the Setpoint value. At the highest load, the system remained
stable despite greater inertia. With a slight reduction in the Ki value, the system exhibited less oscillation during the initial phase
while remaining responsive. Although Kd was not used, the damping effect from the larger mass helped suppress noise, allowing
the system to remain sTable with relatively low accumulated error and smooth motion. The settling time increased to 4.5 seconds,
representing the slowest response among all tests due to the larger mass moment of inertia. Nevertheless, the system maintained a
sTable steady-state condition with minimal residual error, confirming that the implemented PID controller can sustain reliable
stability under maximum load conditions. The damping effect from the larger mass helped suppress noise, allowing the system to
remain sTable with relatively low accumulated error and smooth motion.
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Fig. 9 X Axis and Y Axis Graphs Compared to Setpoint

IV. CONCLUSION

Based on the design and testing results, the ESP32-based two-axis camera stabilizer system, utilizing the PID algorithm,
effectively maintained camera orientation under both unloaded and loaded conditions. The MPU6050 sensor accurately measured
pitch and roll angles in real time, while the PID controller provided precise corrections to minimize deviations. The best PID
parameters varied depending on the load: for no load, the optimal values were Kp = 1.3, Ki = 0.05, and Kd = 0; for 186 g and 204
g loads, the best performance was achieved with Kp = 1.2, Ki = 0.05, and Kd = 0; and for the 228 g load, the optimal parameters
were Kp = 1.3, Ki = 0.05, and Kd = 0. Additionally, voltage readings obtained using a voltage divider circuit demonstrated
sufficient accuracy, with an average error of 0.343 V. Overall, this system functions effectively as a basic gimbal stabilizer. It has
potential for further development in terms of control optimization and feature integration. These results indicate that a moderate
proportional gain with small integral action ensures system stability and accuracy across varying loads. In future work, this research
will focus on developing an adaptive PID control system that automatically adjusts parameter values based on detected smartphone
weight, thereby further improving response speed, stability, and overall performance.
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