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Abstract—This paper presents the design and implementation
of a two degrees of freedom (2 DoF) self-stabilizer platform based
on a bidirectional type, intended to integrate with mobile robots
to assist unmanned aerial vehicle (UAV) land operations in irreg-
ular grounds with a focus on outdoor environments operations.
A study on the kinematics behavior of the bidirectional platform
is addressed to improve decisions about the structure. Mind in
the hardware and software implementation, the combination of
step motors and IMU sensors provides the system with position
control, how the step motor actuates over position with an integer
number of steps, and a P controller generates an interesting
response. This setup enabled the platform to stabilize in grounds
with at least positive and negative 15 degrees of slope and
maintain stability for UAVs under several operational conditions.

Index Terms—2 DoF Self-stabilizer, P Controller, IMU Sensor,
exponential filter, 2 DoF kinematics

I. INTRODUCTION

Self-stabilizer platforms play a critical role in several
technological applications since they provide stability and
precision on irregular grounds. These platforms are designed
to adjust automatically to external disturbances, ensuring the

surface remains level and steady [1]. Bidirectional platforms
type, which offers 2 DoF for pitch and roll adjustments, are
often used in simple stabilization tasks due to their straight-
forward design [2].

In the context of UAV land operations, a mobile robot can
realize this operation in many types of ground able to be
used in many areas like military, public safety, agriculture,
monitoring, environmental preservation, wild firefighting [5],
[6], [8], [11]. Some methods and algorithms are developed
and tested to improve land operations and take-off operations,
too [3], [4]. An economic role that receives huge benefits
from this research is agriculture due to the UAV’s ability
to operate in farm terrains [9]. With this technology, mobile
robots equipped with self-stabilizing platforms can navigate
uneven terrains while providing a stable surface for UAV
land, which significantly improves operational efficiency and
versatility [1].

Moreover, self-stabilizer platforms in mobile robots en-
hanced a wide range of tasks. For instance, in search and
rescue operations [7], [8], these robots can traverse rough
terrains to deliver supplies or assist in evacuations and provide
stability for sensitive equipment or heavy objects [12]. In
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the agricultural environment, they can support precision farm-
like harvest tasks realized by manipulators over self-stabilizer
platforms [6], [9], [10]. Another role that robots are being
used is in the forest. The most common mission inside this
environment is to monitor and map through the use of UAV;
on the other hand, the time for a drone in the air is no longer
than half an hour, so the UAV needs some local to land safety
[11]. This technology improves task performance and expands
the potential applications of mobile robots, making them more
adaptable and capable in various challenging environments.

Focused on the development of a self-stabilizing platform,
this paper is organized in the following structure: the related
works in section II, the kinematics of the 2 DoF bidirectional
self-stabilizer platform in section III, hardware and software
implementation in section IV, and the conclusion and future
works in section V.

II. RELATED WORKS

An overview of many docking stations was made [13].
This study shows many types of static platforms and mobile
platforms, which are made for specific applications like a
simple docking station, a station to change the UAV battery
using the hot swap concept, static self-leveling platforms,
grounded mobile platforms, and aquatic mobile platforms.
This study shows an evolution of the integration of concepts,
like the hot swap battery on a land platform; however, the
main interesting study for this paper is the concept of self-
leveling integration on mobile platforms due to the capabilities
to operate and cooperate with UAVs on irregular grounds.

An idea for self-leveling the platform over a mobile robot
is using some gimbal structure. In the work of [14], a mobile
platform carried a glass of water to analyze the stability of this
gimbal structure. This structure actuates directly in the roll and
pitch angles, making the kinematics more simple and easy to
control. However, this structure needs two planes to stabilize,
increasing the complexity of assembling this platform, the
figure 1 of the work [14].

Fig. 1. Gimbal mobile platform [14]

About the type of the platform, another model besides a
Gimbals platform is the use of delta or Stewart platforms;
in the work of [18] developed a mobile robot with a Stewart

platform to stabilize the area of work. This platform has 6 DoF
of complexity, so the complexity to control the stabilization
is significantly increased. On the other hand, this structure
supports high loads due to the structure. Figure 2 shows the
physical prototype of the mobile platform constructed in the
work of [18].

Fig. 2. Stewart Mobile Platform [18]

The application for these mobile platforms is for some
functions, such as transporting delicate loads or facilitating
transport on steep terrain, such as in the work of [12]. How-
ever, these mobile platforms can be useful in the cooperation
of other types of robots; a simple cooperation is with mobile
manipulators; in the work of [20] developed a 2 DoF self-
stabilizer platform to cooperate with a manipulator to harvest
bananas by picking operations.

Another cooperation with these mobile platforms is between
UGV and AGV; the most common application of mobile
platforms with UAV is the cooperation in land operations;
however, on irregular or steep grounds, the AGV may fall
down while landing or docked over the platform. Another co-
operation between them is the hot-swap operation to recharge
the UAV, the works of [15]–[17], [19] carried out their research
on cooperation using the UGV as a land mobile platform.
However, these works do not include self-leveling platforms
because the tests are in flat and regular environments. One
feature of this cooperation is the use of an image process
to better localization of the UAV in the land process; this is
an important consideration in developing a platform. Figure
3 shows a test of the work [16] where the UGV cooperated
with UAV to realize the land operation while the UGV was
moving.

As cited before, robots are used increasingly in many types
of environments, like farms, wild firefighting, forests, and
other places with uneven grounds. Based on those works, the
development of the bidirectional platform for mobile robots in
this present paper includes 2 DoF for direct action of pitch and
roll angles, in addition to having a landing area large enough
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Fig. 3. UAV Lending on UGV [16]

to contain fiducial markers for guidance and location of the
UAV. Also, the kinematics complexity is not difficult due to
the degrees of freedom; in spite of this, the maximum slope
angle is designed to stabilize at least 15 degrees of tilt for each
axis, the main advantages of this layout using rotatory motors
and 2 DoF is the reduction of the cost once the linear actuators
are more expansive than the rotatory motors, and the simple
kinematics for each axis according to trigonometric relation in
the section III made the system more easily to control, on the
other hand, the effort of each engine will increase depending
on the load.

III. PLATFORM KINEMATIC ANALYSIS

The structure of the 2 DoF platform actuates directly in
pitch and roll angles. Ideally, the yaw angle does not change
during stabilization, considering the rotation point as shown
in Fig. 4. The reference point of origin for the pitch and roll
angles must be aligned with a support point, which should be
equipped with a universal joint to allow for mobility in both
directions.

To control both angles, the analysis is over the mechanism
layout of each actuator. Also the kinematics behavior is given
by the length of the two arm; the Fig 5 illustrates a layout of
the positioning of the actuator arm. It is visible in the figure
the motor has a 180º of total effective angle since the actuation
axis of the platform is aligned with the motor rotation axis.

This layout also sets up the height of the central support
point, standardizing that at 0º the platform is horizontally
stabilized on flat ground. In the first layout of Fig 5, the
height of the platform is equal to the length of the second
segment of the arm, while in the second layout, the height
follows a trigonometric relationship of the arms as it forms
a right triangle. Thus, the height between the motor axis and
the platform plate is given by (1).

h =
√
L2
2 − L2

1 (1)

Fig. 4. Referential rotation point

Fig. 5. Layout of the arm

Another important analysis in this structure is the maximum
slope ϕ of each angle; this value is given by two values:
the distance of the motors along the horizontal axis and the
maximum and minimum height reached by the arm. Analyzing
Fig. 6, the distance d between the central support and the
motor shaft is static; however, the smaller this value, the
greater the inclination angle.

According to Fig. 6, the slope function of roll and pitch
angles is given by (2).

ϕ(θ) = arctan
h(θ)− hcs

d
(2)

Where h(θ) is given by (3)

h(θ) = L1 ∗ sin(θ) +
√

L2
2 − (L1 ∗ cos(θ))2 (3)

For the platform structure developed in this paper, the values
of each feature follow the Table I, for both actuators

Authorized licensed use limited to: b-on: Instituto Politecnico de Braganca. Downloaded on February 04,2025 at 13:46:56 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 6. Slope of the platform

TABLE I
LENGTH OF THE STRUCTURE

Feature Value (mm)
hcs 187.35
L1 70
L2 200
d 200

Based on these values, the cinematic behavior is given by
the graphic in Fig 7; the figure shows −16 and 22.45 degrees
of minimum and maximum slope angles, that is not symmetric
due to the trigonometric behavior of the layout. However, this
kinematics is independent for each axis, that is, one actuator
does not influence the kinematics of the other.

Fig. 7. Slope ϕ Kinematic behavior

IV. HARDWARE AND SOFTWARE IMPLEMENTATION

The methodology to develop this platform is based on 3
parts: the construction of the structure, the implementation
of the controller, and the measurement of the angle to close
the loop control. About the structure, the construction of the
bidirectional structure was made using 3D printed structures
according to table II. About the control of the slope, ϕ
was implemented, a P controller to actuate the position of
the motor. To measure the slope angle, an IMU sensor was

implemented, and then the signal provided by this sensor was
filtered with an exponential moving average filter.

The hardware implemented for this 2 DoF self-stabilizer
platform integrates several key components to ensure robust
operation. The core processing unit is the ESP32 Wemos
board, which interfaces with an ADXL345 IMU sensor via
I2C communication to monitor pitch and roll angles. Data
transmission is facilitated by an HC-12 wireless serial module,
with a step-down buck converter providing regulated at 5V
power supply. The motors are driven by DRV8825 step motor
drivers with 32 micro-step configurations, ensuring accurate
and reliable control. The system is supplied by a battery 12V
7Ah, which provides continuous power to maintain stability
and functionality during operation.

All implementations can see more easily in the following
flowchart in Fig 8.

Fig. 8. flowchart of implementation

A. Roll and Pitch angles measuring

To measure pitch and roll angles, the ADXL345 accelerom-
eter is utilized for its precision in detecting linear acceleration
along three orthogonal axes: X, Y, and Z. The sensor provides
raw acceleration data that sum with high noise; to avoid
this, a digital filter is used. However, the filter must be
fast and efficient; the most common filters are FIR and IIR,
and the response of those filters depends on the number of
coefficients, and this number generates the delay response. To
save processing and get a fast response, a variation of the
exponential moving average filter can be used. The output of
this filter is given by (4).

y[0] =
y[−1] ∗N + x[0]

N + 1
(4)

After filtering the raw acceleration, the data can be con-
verted into angular measurements. The pitch and roll angles
are calculated in (5) (6) respective.

Pitch = arctan(
ay√

a2x + a2z
) (5)
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Roll = arctan(
−ax
az

) (6)

With this filter, the curve of both angles becomes smooth
to keep the controller stable; on the other hand, this filter
is still susceptible to noise from vibrations on the platform.
The following graphic in Fig. 9 shows the curve of pitch and
roll measured during a step response of the P controller; it
is possible to see a small mechanical vibration circled in the
graphic.

Fig. 9. Step response of the platform

B. Controller

In this platform, the controller must be actuated on the
angular position, and this is made by inputting a number of
steps in the driver motor, so the number of steps is calculated
by converting directly the value of the error, which means a
simple P controller can be enough to this problem, the Fig 10
shown the control diagram of the system.

Fig. 10. Control diagram

An important consideration for this controller is the max-
imum pulse frequency of 250 kHz for the DRV8825 stepper
driver, as specified in the datasheet. However, the motor does
not respond effectively at this step frequency. Therefore, the
controller adjusts the motor speed by calculating the step
period based on the error during each controller cycle, so the
period of each motor step is calculated by 7.

Tstep =
Nstep

Tcontroller
(7)

Where the Nstep is calculated according to the error in 8.

Nstep =
ϕerr

θstep
(8)

Where θstep is the angle per step of the motor, this is a
constant calculated by the motor datasheet divided per micro-
steps of the driver DRV8825. And the Tcontroller is the period
of the digital P controller. In this work, the angle per step in the
motor datasheet is 1.8 degrees, the micro steps are configured
to 32, and the P controller period is 10 ms.

Furthermore, the digital controller needs to respond
promptly. However, considering the motor’s lower response
rate, a period of 10 ms has been established between controller
cycles. This period is also utilized as the sampling interval for
the sensors. In Fig. 9 the controller got a response without
an overshoot, according to this step response, the rise time
and settling time is following to the table II. In another test
with more step responses is visible the controller has small
overshoots and noise during the rise time. In Fig. 11 is visible
the cited behavior.

TABLE II
RISE TIME AND SETTLING TIME

pitch roll
tr 0.83 0.91
ts 4.75 6.99

Fig. 11. Sequentially Step responses

In the Fig. 11 the controller gain was set 0.8, some quick
tests with gains less than 1 kept the system stable, and tests
with gains greater than 1 increased the overshoot and generated
a small noticeable oscillation in steady state.

V. CONCLUSION AND FUTURE WORKS

This paper presented a prototype for a bidirectional platform
that features simple kinematics with 38 degrees of stabilization
in total, from the smallest negative angle to the highest
positive angle. The simple hardware was efficient due to the
optimizations carried out, mainly in signal filtering and a
simple P controller. The tests demonstrated a stabilization of
pitch angle faster than roll, but the difference is not huge due
to the roll angle being more susceptible to noise in this system.

As this platform is intended to be mobile, an important test
to be carried out in future work is how the accelerometers will
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respond to the UGV’s acceleration due to the sensor measuring
the acceleration in the three axes.

Another critical consideration with the sensors lies in mea-
suring both angles using only one accelerometer, where the
influence of vibrations was noticeable. To mitigate this noise,
integrating additional sensors and employing sensor fusion
techniques could effectively eliminate external influences. Al-
ternatively, implementing a damping system could attenuate
mechanical vibrations, further enhancing measurement accu-
racy and stability.

One important analysis to do in this bidirectional structure
is the dynamic behavior of the torque demands on the motors.
Therefore, exploring alternative structure models such as delta
or Stewart platforms could be compared in future works.
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