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A GPS - Integrated Slide Controller Application
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ABSTRACT

Unmanned Aerial Vehicle (UAV) trajectory guidance is an important area in modern aviation and
automatic control, requiring the UAV to maintain precise position and velocity along the trajectory despite
environmental fluctuations. This article presents the quadrotor hardware and method for developing a
trajectory tracking control algorithm, using a sliding mode controller combined with GPS data. The
controller' design is based on the nonlinear model of the system, integrating the nonlinear sliding
mechanism with information from GPS to ensure that the system follows the target trajectory. The
stability of the proposed method is proven through Lyapunov's theorem. The controller is verified through
simulation and experiments. The results show that the proposed algorithm helps the quadrotor stabilize

the tilt angle and track the trajectory with small errors.
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I.  INTRODUCTION

High-tech agriculture is an inevitable trend not only in
Vietnam but also globally [1]. In the agricultural sector,
Unmanned Aerial Vehicles (UAVs) are often used to perform
tasks such as crop monitoring, fertilization, or pesticide
spraying [2]. For spraying, the task of moving along a fixed
route at a constant altitude is a fundamental problem in UAV
control. Rapid advancements in network technologies, such as
wireless communication, miniaturized sensors, and the Global
Positioning Systems (GPS), have made UAVs valuable in both
military and civilian sectors [2]. UAVs are now used in
applications like aerial surveillance, precision agriculture,
intelligent  transportation, disaster relief, forest fire
management, remote sensing, and traffic monitoring [3]. Their
affordability, maneuverability, and efficient deployment
contribute to their widespread adoption [4]. UAVs are
classified by size, payload, range, battery life, altitude, and
flight dynamics [5, 6]. Navigation relies on sensors such as
GPS, accelerometers, gyroscopes, and Inertial Navigation
System (INS), though INS accuracy may suffer from integral

drift errors [7]. GPS systems provide global coverage, high
precision, and cost-effectiveness for outdoor navigation.
Authors in [8] proposed a feedback controller for automating
UAV takeoff and landing using IMU and GPS data with a
Kalman filter [8]. GPS, or Satellite-based Navigation Systems
(SNSs), are effective for 3D positioning of UAVs, 3D Indoor
reconstruction from photogrammetry, Unmanned Ground
Vehicles (UGVs), and autonomous underwater vehicles [9].
Authors in [10, 11] demonstrated that Differential GPS (DGPS)
improves positioning accuracy by mitigating errors from
satellite clock, position, and signal delay, with further
improvements achieved by integrating DGPS with a single
antenna receiver. Although GPS alone can estimate the position
of a vehicle, it is often prone to errors due to weak signals and
satellite interference, resulting in loss of positioning data. GPS
data are often integrated with information from other sensors,
the most common being the GPS/INS method, which combines
data from INS and GPS to reduce errors and improve
positioning accuracy [12]. Authors in [13] used a Kalman filter
to fuse data from GPS with INS information. This algorithm,
although tested on ground vehicles, is also applicable to UAVs.
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UAV trajectories are usually straight or circular, with the Orbital tracking
requirement to maintain accuracy and stability against _ i . Go to the set
interference effects. Trajectory tracking algorithms, nonlinear Take off |12 Signal reading Trajectory| _ coortimaes] ;2 ding
guidance [14], vector field-based guidance [15], linear processing control

quadrature correction [16], pursuit, and line-of-sight tracking
[17], have been developed to address this problem.

II. HARDWARE STRUCTURE

The Quadrotor (Figure 1) is a popular UAV in education
and research due to its affordability, durability, and reliability
in both indoor and outdoor environments. Constructed of
carbon fiber and plastic, the device is equipped with a battery,
four BLDC motors, and a 6-degree-of-freedom inertial
measurement unit. Parameters such as yaw, altitude, vertical
speed, and motor speed can be adjusted via the control panel.
The Quadrotor is capable of speeds exceeding 4 m/s and has a
flight time of approximately 10 minutes.

GPS Module
with compass
MSN

Pixhawk 2.4.8
PX4

NVIDIA Jetson
Nano Developer
Kit

Fig. 1.

Quadrotor UAV.

The Quadrotor is controlled by the Pixhawk processor,
equipped with a 32-bit ARM Cortex M4 core with an FPU
operating at 168 MHz. The control system connects the
Pixhawk to the Jetson board and uses GPS for positioning as
well as developing the trajectory tracking algorithm. The main
components include:

GPS Module: Provides positioning data.

e Drone Frame: Includes the motor and the ESC (Electronic
Speed Controller).

e Controller: Includes Transmitter and Receiver.

e Batteries and Accessories: Provide necessary power and
connections.

e Jetson Nano: The onboard computer processes flight
control algorithms and transmits commands to the Pixhawk
via UART or I2C protocol.

e Pixhawk: The flight controller executes commands from the
Jetson, controlling the motors, propellers and sensors to
perform the programmed trajectory.

The quadrotor's operating procedure in orbit tracking
(Figure 2) is divided into three main stages: (1) take-off, (2)
orbit tracking, and (3) landing.
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Fig. 2. Quadrotor orbit tracking process diagram.
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Fig. 3. Quadrotor orbit tracking state diagram.

III. PATH FOLLOWING ALGORITHM

The kinematic modeling problem is approached as follows:
Given a trajectory with the UAV position at M (x, y) and an
angle of orientation 6, the objective is to determine the optimal
angle of orientation for the UAV to move and follow the
trajectory. The trajectory is modeled by straight lines, each
segment is defined by a sequence of landmarks and the angle
between the segments connecting consecutive points.

Below is a guidance algorithm using intermittent signals,
developed based on the diagram in Figure 3, with the
Quadrotor following the path connecting two points A; and A,.
The quadrotor motion equation is described by:

[=v.sin(0-6,) 0
0=ku

where [ is the distance from the quadrotor to the trajectory, &
is the angular error of the quadrotor and the trajectory angle, v
is the velocity, u = tan A is the control signal, A is the tilt angle
of the UAYV, and the radius of the orbit is » = v/w where w is
the maximum rotation speed (rad/s).

The trajectory ~ connecting  the two points

A (lay,lo,), A, (lay,lo, ) is determined by:
Ala =la, —la,

2
Alo =lo, —lo,

with:
a=1lo,—lo
b=la,—la,
c=la,lo —la,lo,

Convert to radians:
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dLa = Ala.i
180

V4 V4 ©)
dLo = Alo.— .cos (lal —j

180 180
The distance between the two points is:
D=\(dLa.Er) +(dLoEr) &)

where la is the position of the point along the x-axis, lo is the
position of the point along the y-axis, Er is the radius of the
earth (6378137(m)), and D is the distance (m).

Since the trajectory is a straight line with directions from A
and A,, the angle of the trajectory is determined in the entire
plane, thus:

0 = arctam2((lo2 ~lo,),(la, —la, )) )

The coordinates of the quadrotor are determined as

Q(xu’yu)'

The distance from the Quadrotor to A;A, is determined by:

l:(—a'x‘l;JrC—y“j.cos&, (©)

According to the Dubin orbit, the relationship between 6,
and / is defined as follows:

0, =-Zsignl + 6
2 [1]>r
7 M When”T
0 :_[Z—arcsin(l—DsignH—H, =
r

From (2) and (1), we see that the distance from Q to the
orbit / is replaced by the horizontal position error denoted by e
(saturation function):

{e:rwhen|ll>r (8)

@)

e=d |[1<r

Equation (7) is rewritten as:

a7l
N=6 -6 5 arcsin| 1 signe )

r

Equation (4) can be used to construct the nonlinear sliding
surface. Then, for system (1), the sliding mode with sliding
surface (10) will be used:

s =N +signe {%—arcsm (1—%H (10

r

and:

§ =6, -6 +signe ;Z.Signe.sinN (11)

2le] e[ "
roor
The chosen Lyapunov function is:
T, =0.5s" (12)

Taking the derivative Tl =s.s and from (11) we have:

Zsigne.sinN (13)

T =s (9,—(9,+signe
2el | "

r r

Fig. 4. Quadrotor angle velocity determination diagram.

The forces acting on the quadrotor are: gravity (F, ), with
m being the UAV mass, the lift force ( F,), the centripetal force
of the rotation of the UAV (F,), and the aerodynamic force
(F,), with F, = F,. Then:

F,.cosA=F, =m.g

my? (14)

F,.sinA=F, =
r

From (14) we get:

2

tanA=2— 9L (15)
r.g g
Or:
6=5u (16)
y

There is a sliding mode with the control command:

w=2l| 6 -—1 ZnN |-ssigns (17)

S| Pl
r r2
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Putting (16) and (13) into (17), we get:
. . 1 . . 1
6,6 +——=LsinN T, = -| ———L|N|+|¢| | [sinN|<0  (26)
2 r 2 2
1_[1 _H] 2 |-
2
. r ror
T =5 (13) .
_ 1 ' 7 sin N — Ssigns From (26) it can be seen that 7, <O and that when
|e| 2 operating in sliding mode the system will be asymptotically
1-1-— stable.
r

which is an asymptotically stable system. The chosen
Lyapunov function becomes:

T,=0.5[ N+’ (19)

Taking the derivative of 7, and using (1), (8), and (9) we
get:

1 . .
.—.signe.y.sin N

T, = N| —signe S S
[2lel Il "
roor
+e.y.sin N (20)
1

- 7 NsinN +|e| signe.sin N

2
[2lel lel” "
T
r r

From (9) we see that:

signN = —signe 21
Besides:
N =|N|signN (22)

Equation (2) is re-written with the help of (21), (22), as:

S

2
r r

T, = .%.|N|+|e| sinNsignN - (23)

From (9) we have:

—/2<6,-6,<7m/2 (24)
In the interval [—7z/2;7 /2], sinx and x are increasing, so:
sin N =|sin N|.signN (25)

Putting (19) into (17) we have:

IV. EXPERIMENTAL RESULTS

The implementation process applied to the experimental
model and controlling it to fly along a straight trajectory
between two determined points follows: Use formula (2) to
calculate the distance between the two points, then convert the
value to radians according to (3), and finally apply (4) to
determine the exact distance between the two points.

Flight Test 1:

A (10.250546006300228; 105.96175657854099)

A, (10.2504098802617;105.961759458414)
D, =15.504

Flight test 2:

A, (10.250546006300228;105.96175657854099)
A, (10.2504039416131;105.961756776205)

D, =15.814

Flight Test 3:

A (10.250546006300228;105.96175657854099)
A, (10.2503975401149;105.961759260749)
D,=16.791

Flight Test 4:

A (10.250546006300228;105.96175657854099)
A, (10.2503953635649;105.961757446757)

D, =16.769

Flight Test 5:

A (10.250546006300228;105.96175657854099)
A, (10.250394283607;105.961755744337)

D, =16.889

Figures 5 and 6 demonstrate that the quadrotor's flight
trajectory closely matches the designated flight path,
demonstrating accurate trajectory tracking performance.
Specifically, Figure 5 depicts the quadrotor's compliance with
the designated trajectory, while Figure 6 provides a detailed
view of how the actual trajectory matches the intended path
according to the set distance. In addition, Figure 7 presents the
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tilt angles in the X and Y directions during trajectory tracking.
The data in Figure 7 show that these tilt angles exhibit minimal
deviation, emphasizing the accuracy of the quadrotor's
orientation control capability during flight.

Ref
——— Flight trajectory

Fig. 5. Flight trajectory.

2D Trajectory of Quadrotor

== =Reference
== Flight trajectory

y (m)

x(m)

Fig. 6. Flight test 1 trajectory in simulation.
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Fig. 7. Roll angle and pitch angle.

To determine the quadrotor average error we use the RMSE
formula:

RMSE = 1i(ra -4) 27)

a
n =

where 7, is the value set at position, A, is the actual value, and
n is the total number of pairs of set and actual values.

The experimental data indicate that the deviation between
the set and actual distances remains within acceptable limits,
with a trajectory error rate ranging from 1.21% to 1.39%. The
RMSE (Root Mean Square Error) index of the La and Lo
measurement methods demonstrate high accuracy, with RMSE
values ranging from 2.07E-06 to 3.77E-07. The research
findings confirm that integrating GPS with a sliding control
algorithm enhances both the accuracy and stability of the UAV
system during trajectory tracking. Furthermore, experimental
results validate the system's effectiveness, evidenced by low

trajectory error, minimal RMSE values, and reliable
performance in outdoor conditions.
TABLE L. FLIGHT TEST RESULTS
Order Setting Actual Orbital RMSE RMSE
distance distance error La Lo
1 15.504 15.714 1.34% 2.12E-06 3.21E-07
2 15.814 16.037 1.39% 2.07E-06 3.67E-07
3 16.791 16.997 1.21% 2.28E-06 3.77E-07
4 16.769 16.985 1.27% 2.15E-06 3.11E-07
5 16.889 17.112 1.30% 2.09E-06 3.45E-07

V. CONCLUSION

The experimental results show that the control algorithm
based on nonlinear sliding mode combined with GPS data
helps the quadrotor system achieve rapid stabilization. This
algorithm not only enhances the ability to maintain stability but
also improves the efficiency of tracking the pre-set trajectory.
After five tests with different coordinates, small errors in
distance were recorded, confirming the effectiveness of the
proposed method. In the context of the development of control
technology applications, especially in autonomous and
unmanned aerial systems, it is necessary to prepare for
situations where the GPS signal is damaged or weakened.
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