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ABSTRACT. A VTOL-Plane UAV has a wide flight speed range. Rotary wings can only
fly at very low horizontal translation speeds. Fized-wing requires a more incredible speed
than the stall speed to get enough wing lift. Combined fized-wing and rotary-wing concepts
can fly at speeds below the stall speed. The flight speed determines the amount of wing
lift and elevon torque that affects the altitude and attitude of the vehicle. Therefore, the
UAV requires robust altitude and flight speed control. The altitude and flight speed control
system on the VTOL-Plane UAV is designed to apply the LQR method to finding the full-
state feedback gain value. The UAV model simulation is performed to test the results of
the control method. Direct testing is carried out on VTOL-Plane flight by converting
control output variables into a PWM to requlate brushless motor rotational speed and
servos angles to adjust surfaces.
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1. Introduction. Unmanned Aerial Vehicle (UAV) has become common in the military
and civilian world in recent years [1]. Military missions using conventional aircraft are
currently high cost and have low maneuverability [2]. By implementing UAV, costs can be
reduced. Besides, with its small size, the UAV can maneuver an area quickly [3]. However,
a UAV still has problems such as integration into the flight base, reliability, and flight
safety [4].

Fixed-wing UAVs fly fast and for long periods but require a runway for take-off and
landing [5]. A rotary-wing UAV, on the other hand, is not energy efficient [6]. Therefore,
it was not suitable for missions requiring high endurance. However, it has the uncanny
ability to levitate, as well as take-off and land vertically. Therefore, it can operate almost
anywhere without having to search for open spaces [7].

The VTOL-Plane UAV has two independent propulsion systems for hover and level
flight [8]. Combining the two concepts of fixed-wing and rotary-wing, a VTOL-Plane UAV
has the advantages of both systems and eliminates their disadvantages [9]. Thus, a UAV
VTOL-Plane has vertical take-off and landing capability and has a high flight speed and
longer endurance than a rotary-wing [10]. A VTOL-Plane can carry out close surveillance
missions in static flying conditions with its VTOL and hover capabilities. This capability
does not belong to a fixed-wing UAV that needs to continue moving in the air [11].

The development of a VI'OL-Plane controller focuses on two aspects: the design of
the flight attitude controller and the design of the flight path controller [12]. The attitude
control design deals with the VT OL-Plane response in maintaining stability. VTOL-Plane
has three flight modes: fixed-wing, hybrid, and rotary-wing mode [13]. In fixed-wing mode,
the UAV must fly at high speed [14], whereas in rotary-wing mode, the UAV can only fly
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at low speeds. The development of the hybrid mode ensures the UAV can fly at medium
speed by activating all actuators.

We need a control method to maintain the altitude and speed of the VT OL-Plane, so it
can still retain its flying attitude when maneuvering [15,16]. Linear Quadratic Regulator
(LQR) is a control method most widely used in aviation because LQR is a control method
with good performance and durability and can optimize control [17].

The LQR control method uses some states as feedback in controlling the attitude and
velocity of flying. The feedback states consist of angular rotational movement, altitude,
flight speed, and their changes with time [14]. They are measured by using an Inertial
Measurement Unit (IMU) sensor and a barometer. The sensor readings are then processed
by the LQR control algorithm and used to adjust the attitude and speed of flight. The
results of this study aim that the UAV can maintain its speed while simultaneously
controlling its altitude autonomously using the Linear Quadratic Regulator (LQR).

The rest of the paper is structured as follows: Section 2 addresses the theory and
formula, Section 3 describes the experimental setup, Section 4 discusses the experimental
results and performance analysis, and finally, Section 5 concludes the paper.

2. Theory and Formula. The VTOL-Plane hybrid UAV has two propulsion systems
that work independently, namely the lift and horizontal propulsion. Lifting propulsion is
generated by four brushless motors in a vertical direction. The UAV’s flying attitude can
be controlled by the difference in lifts within the four motors. Besides, the UAV surface
control, which is supported by horizontal propulsion, can also play a role in stabilizing
the UAV’s attitude [18].

When the VTOL-Plane is flying at a speed below stall speed, the wing lift is less than the
vehicle’s weight. This condition requires the support of the four lifting motors to provide
additional lift to prevent the UAV’s height from dropping. The rotating speed of the lifting
motor will maintain altitude by increasing the lifting force. The flight speed hold control
affects the altitude hold control process. Both are very important for implementation in
VTOL-Plane hybrid flight.

Before designing the altitude and flight speed control system on the VT OL-Plane UAV,
a control system to deal with unwanted rotational motion must be created first. This con-
trol is called the stabilizer or countering unwanted rotation control. This control is needed
to maintain the UAV level condition, namely when the lifting motors and the wings are
horizontal. The system requirements specifications for countering unwanted rotation con-
trol need to be met before establishing the altitude and flight speed control system.

The countering unwanted rotation control system on the VIT'OL-Plane will maintain
the UAV’s rotational movement, including roll, pitch and yaw motion. The actuators that
work on this control system are the four lift and elevon motors located on the wing. The
IMU sensor and magnetometer provide input to the system in the current UAV rotation
angle. The difference in rotational speed of the lifting motor and lift from the elevon
deflection will be adjusted so that the UAV remains in a level condition. The expected
rise time for countering unwanted roll and pitch rotation for this research is 1 second.
The response time is chosen so that the UAV does not experience disorientation.

After the stabilizer control system can make the UAV fly in level conditions, a control
system to adjust the altitude and flying speed can be designed and built. The barometer
sensor provides an input of the UAV’s height relative to the ground, and the GPS provides
information of its flight speed relative to the ground (ground speed). The motor thruster
will change its rotating speed to maintain ground speed.

Furthermore, the four lifting motors are used to adjust the flying altitude of the UAV.
The rise time for speed and altitude hold is expected to be no more than 2 seconds. Rise
time that is too long can cause the UAV to stall because it has lost its lift.
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The VTOL-Plane control algorithm consists of several parts, including other proce-
dures, autopilot procedures, and sub-programs that are constantly repeated for the flight
commands from GCS. The autopilot procedure will be active if there is an AUTO com-
mand from GCS. In the autopilot procedure, the system calculates the angle deviation of
the aircraft orientation from the desired setpoint based on the output from the sensor.

The VTOL-Plane mathematical model is designed based on Newton’s Laws and Euler’s
Equation. Equations (1)-(6) show the VTOL-Plane dynamic model. [u v w p ¢ 7]* is the
linear and angular velocity variable about the body axis. [x y z ¢ 6 9|7 is a linear and
angular position variable regarding the earth’s axis. [F, F, F, 7, 7y m}T is the variable

of force and torque. F), is the horizontal driving motor force [19]. Fr is the total lift for
the four vertical motors. F,, is the wing lift. [wa F, sz}T is a matrix of forces from
the wind on the longitudinal, lateral, and vertical axes. [7, 7, 7.]” is the control torque
matrix produced by the difference in the vertical motor rotational speed. [Twz Tw, TwZ]T
is the torque from the wind hitting the UAV [20].
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where m = UAV mass; u = longitudinal velocity; v = lateral velocity; w = vertical
velocity; u = change in longitudinal angular velocity with time; v = change in lateral
angular velocity with time; w = change in vertical angular velocity with time; p = roll
angular velocity; ¢ = pitch angular velocity; r = yaw angular velocity; p = change in roll
angular velocity with time; ¢ = change in pitch angular velocity angle to time; » = change
in yaw angular velocity to time; F, = horizontal driving motor force; F,, = wing lift in
longitudinal or z-axis; F,, = wing lift in lateral or y-axis; F},, = wing lift in vertical or
z-axis; 7, = control torque around z-axis; 7, = control torque around y-axis; 7, = control
torque around z-axis; 7, = torque from the wind hitting the UAV around z-axis; 7,,, =
torque from the wind hitting the UAV around y-axis; 7,,. = torque from the wind hitting
the UAV around z-axis; [, = moment of inertia around the z-axis; /,, = moment of
inertia around the y-axis; I,, = moment of inertia around the z-axis.

3. Experimental Setup. The system is designed according to system requirements.
The electronic system is one that needs attention. There are three main parts in an elec-
tronic system, namely, input, processing, and output. Inertial Measurement Unit (IMU)
sensors and Global Positioning System (GPS) sensors provide information. An IMU con-
sists of an accelerometer, gyroscope, and magnetometer sensor. The IMU sensor used
is the GY86 series. This sensor consists of the MPUG6050 (accelerometer and gyroscope
sensor), HMC5883L (magnetometer sensor), and MS5611 (barometer sensor). Figure 1
shows the VTOL-Aircraft that was used in this study.

The Linear Quadratic Regulator (LQR) method was used in this study. The LQR
method is used to determine the value of the K matrix [21]. The K matrix is the full-
state feedback gain of the control system created. Figure 2 shows a block diagram of the
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Ficure 1. UAV VTOL-Plane

VTOL-Plane control system. The control system model is obtained by changing from a
dynamic mathematical model to a state-space equation [22]. The VTOL-Plane control
system model is obtained by converting Equations (1)-(6) to state-space Equation (7).
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FI1GURE 2. Block diagram of the control system

4. Result Discussions. The resulting model is then simulated using the parameters of
the UAV in the real world. This simulation is done by automatically tuning the gain Q
of the LQR method [23]. The tuning takes place automatically until it finds the optimal
system response by simulation. After the simulation stops and finds the optimal system
response, the output of automatic tuning is a full-state feedback gain K matrix. Auto-
matic tuning consists of 3 steps, namely tuning to adjust the stabilization, altitude, and
cruise speed.

Stabilization simulation (also known as countering unwanted rotations) is performed by
providing variations in the Q value for countering unwanted rotations, in the form of @,
Qo, Qy as Q angle and @Q,, @, @, as Q angular velocity, automatically. The variation
in the Q value will produce the full-state feedback gain K, namely K, 4 and K, , for
countering unwanted roll, K, 4 and K, , for countering unwanted pitch, and K, and
K. o for countering unwanted yaw.

Furthermore, the UAV flight altitude controller (on the z-axis of the earth frame) is also
started by tuning the control components ), and @, automatically through simulation.
The result of tuning the values @, and @,, were used to maintain the height. The height
setpoint used is 10 meters. The altitude control system will be active immediately after the
take-off process is complete. UAV altitude control testing is carried out to test the UAV’s
ability to maintain its position at the setpoint altitude. Q tuning is done automatically
using the simulator with the Riccati equation calculation. The process of tuning the gain
Q yields the gain values K, p, and K,_ g . The results of auto-tuning the Q value on the
altitude control can be seen in Table 1.

TABLE 1. Optimal Q and K values for altitude control
Q K

Q. =21 K.p =4.58
Quv, =2 K, p =818
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Figure 3 shows the simulation and real-world VTOL-Plane altitude control response
results, respectively. The initial deviation given on the test is approximately 2 m. The
results of the response in the simulation show a rise time of 1.71 seconds to fix the height
value to 10 m. In the simulation, there is a deviation of 0.11 m, but it is still below the
allowable tolerance (+1 m). The resulting settling time is 3.11 seconds. However, real-
world validation has different results compared to the simulation. In real-world validation,
the resulting rise time value is 0.8 seconds; the deviation that occurs is 0.94 m, and
the resulting settling time is 1.8 seconds. Even though there is a difference from the
simulation, the deviation is still below the allowable tolerance. This difference occurs
because the simulation does not consider wind conditions, air friction force, and several
other environmental parameters. However, because environmental influences are not very
influential, the system response is still optimal.
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FIGURE 3. Altitude control: (a) Simulation response; (b) validation response

The process of making a UAV speed control system on the z-axis of the earth frame also
begins by tuning the control components @), and (),,,. The result of tuning the values of ),
and @, is used to maintain speed. The speed setpoint used is 6 m/s. The speed control
will be active immediately after the take-off process is complete. UAV control testing is
carried out to test the UAV’s ability to maintain speed after the take-off process. The
UAV control testing was carried out for 6 seconds. To get the @), and @), values, tuning
the Q value start from 1. Adjusting for the gain Q is also done automatically using the
simulator. The process of tuning the gain Q yields the gain values K, r, and K, g . The
results of auto-tuning the Q value on the speed control can be seen in Table 2.

TABLE 2. Optimal Q and K values for speed control
Q K

Qy, = 0.8 K., r, =4.09

Figure 4 shows the results of the VTOL-Plane flight speed control response through
real-world simulation and validation sequentially. The initial deviation given on the test
is approximately 1.5 m/s. The simulation shows a rise time response of 0.8 seconds, a
deviation of 0.18 meters, and a settling time of 3.8 seconds. Besides that, there is no steady-
state error. The validation process shows that it shows similar characteristics compared
to the simulation. The resulting rise time for real-world validation is 0.97 seconds, the
deviation is 0.37 meters, and the settling time is 2 seconds. The real-world validation
does not show a steady-state error.
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FIGURE 4. Speed control: (a) Simulation response; (b) validation response

5. Conclusions. Controlling the altitude and flight speed of the UAV VTOL-Plane pro-
duces a responsive control response. No deviation occurs outside the permitted tolerances.
The rise time required by the altitude and speed control system is relatively short, name-
ly 0.3 seconds and 0.4 seconds, respectively. The settling time generated by the height
control is 0.7 seconds, and the speed regulator is 1.7 seconds. This response shows that
the altitude and speed control on the VT OL-Plane can control the flight well.

However, the GPS-based flight speed control system is still very easily disturbed by
airspeed in the test environment. Therefore, it is necessary to have a flight speed control
system for the object’s velocity relative to the earth equipped with an airspeed sensor as
compensation if the airspeed condition in which the VT OL-Plane is flying is high enough.
Besides, the application of artificial intelligence is needed to make the control adaptive.
Improving the quality of the coefficient measurement on mechanics is also necessary to
increase the accuracy of the control calculations.
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