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1. INTRODUCTION

Quadcopter is considered in the Multirotor Vertical Take-off and Landing (VTOL) type Unmanned
Aerial Vehicle (UAV). The VTOL capability is that it can handle Conventional Take-off and Landing
(CTOL), whereby it will be easy for the quadcopter to fly off the ground with a small surrounding space,
and able to fly through small, and narrow path. UAV also known as Unpiloted Aerial Vehicle competent to
fly without any human pilot onboard. The technology is favored to use in the military department mostly
surveillance in remote, and dangerous places where it can save valuable human recourses. There is various
version of quadcopter that had been developed found in research literature such as micro or nano sized
quadcopter usually used in swarm and surveillance [1-3], aerial cinematography type, where the quadcopter
able to lift a specific camera [4, 5]. Moreover, there are also sport FPV H-type frame quadcopter where it
specialized in racing [6, 7].

The modelling behavior of the quadrotor is premeditated in this work and focusing on improving
the take-off stability and overall flight performance. The quadcopter has a lot of advantages compared with
other types of aircraft, whereby it has good maneuverability, simple assembly and it have a great room of
improvements and innovation that can be done with the quadcopter itself. Basic component of a quadcopter
consists of four brushless motors and its propellers, a battery to power the quadcopter, embedded processor,
and sensors. The challenge in the project is how to design the controller of the quadrotor system to obtain
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stability and achieve the desired state when there are many uncertainties in the environment system,
for example, external disturbance, motor actuation degradation, time delays [8], and also sensor error [9].
The project focuses on modelling the DJI F450 quadcopter, and design the specific controller using PID.
There are many types of control system method in controlling the altitude of the quadcopter based on these
research [6-12]. The mathematical model of the quadcopter is derived from previous research and the DJI
F450 frame parameter was embed into the model. The motivation for this research is to ease the DJIF450
user for embedding the control system used for faster development of their application using the quadrotor.

2. MATHEMATICAL MODELLING

The mathematical model for the quadcopter is essential to be determined first for rapid analysis of
the simulation result from the hardware. For this paper, the basic mathematical model of a quadcopter was
implemented and implement with the DJI F450 frame specs. Studies by [12-17] was heavily referred for the
modelling quadcopter UAV of this paper. The quadcopter model itself is a common symmetrical frame that
have four arms. Each motor is assigned at the far end of the arms while the ESC was placed beneath
the middle of the arm. The battery of the quadcopter is placed on the center of the quadcopter as in a common
quadcopter setup [9]. The custom power distribution PCB and custom controller was embedded on the center
of the frame.

2.1. Basic Concepts

There are two possible configurations for most of quadcopter designs “+” and “Xx” as shown in
Figure 1. An “x” configuration quadcopter is considered to be more stable compared to “+” configuration,
which is a more acrobatic configuration. Propellers 1 and 3 rotates clockwise (CW), 2 and 4 rotates counter
clockwise (CCW). According to the Third Newton Law, every force applied there will be an equal feedback
force will be act to the same object, thus in the case of the quadcopter the force of the rotors pushing air
downwards, the same force feedback will make the quadcopter itself to move the opposite way of the air
pushed by the rotors, and projection achieved.

“+" Configuration x" Configuratbon

Figure 1. “+” and “x” configuration for the quadcopter

Propellers 1 and 3 have same length to 2 and 4, so all thrusts have the same direction [18]. When all
four motors are spinning at the same speed, the rotors create equal thrust that lifts the quadrotor into the air.
The constant action for all of the component indicate that the quadcopter is in hovering mode,
where the attitude of the quadcopter remains the same. To change the pitch attitude for the “+” configuration,
the speed of motor 1 is reduced while the speed of motor 3 is increased, or vice versa, creating a non-zero
pitch angle.

As both motor 1 and motor 3 are rotating in the same direction the total counteracting torque
provided is not changed so the quadrotor maintains its yaw angle. The roll attitude is adjusted in a similar
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manner. To adjust the yaw angle, the speed of motors 1 and 3 are increased while the speed of motors 2 and 4
are decreased, or vice versa. This creates an imbalance in the total torque in the yaw axis and so the quadrotor
will change yaw angle [19].

2.2. Motion of Quadcopter

The most intuitive way of understanding the motion of a quadrotor is by investigating how
the rotation of the individual rotors affect the motion of the body. Equal speed on all rotors, resulting in equal
forces from each rotor. This allows the quadrotor to move along the z, axis by increasing or decreasing
the rotor speed. With a certain rotor speed the quadrotor will obtain a hovering state. In both cases two
adjacent rotors have increased speed compared to the other rotors, resulting in a movement around the x, and
Yo axes respectively. Each rotor affects the quadrotor body with a torque in the opposite direction of
the rotation of the rotor. These torques are canceled when two rotors rotate clockwise and two rotors rotate
counterclockwise with the same speed. The torque from the rotors can be exploited to control the yaw angle
yp, Where two diagonal rotors rotate faster than the other rotors. This result is a movement around the z, axis,
in this case in the positive yaw direction. To designate the motion of 6 DOF rigid body it is normal to define
with two reference frames [20, 21]. In the Figure 2 shows the coordinate system and the body frames used.
The advantage of body symmetry is it can simplify the equations associate with the system [22]. The B and
the E symbols represent the body-fixed frame and the earth initial frame respectably. The linear position
vector of the earth inertial frame axis x, y, z is defined with & as shown in (1).
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Figure 2. Quadcopter DJI F450 body frames and coordinate system used

Moving on to the (2), 9 is the three Euler angle consist yaw pitch roll, where ¢ is the yaw angle
where rotates around the z axis. The roll angle, @ rotates around the x axis, and lastly the pitch angle 8 rotates
around the y axis. In (3), v, represent the linear velocity which is u is the velocity in x axis, v is the velocity
in y axis, and w is the velocity in the z axis. Moving on to the (4), oy, is the angular velocity where the ¢ is
the rate of change of yaw, @ is the rate of change of roll angle, and lastly the pitch angle is identified by 6 in
this specific application. The quadrotor dynamical equations used is based on the Newton-Euler formalism,
where the full non-linear dynamics can be expressed in combination of gravitational vector, gyroscopic
torque vector and movement vector [23]. The summation of force required to accelerate the mass of the quad,
mV,, and the centrifugal force of the quad body, w,(mV,) is equal with the gravity gR" and the total thrust
from the rotors Ty as shown in the (5). Where m is the mass of the drone, Vj is the linear acceleration of
the fix body drone, wy is the angular velocity of the fix body drone, V, is the linear velocity of the fix body
drone, g is the gravity acting on the fix body drone, R" is the rotation matrix from body frame to the initial
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frame from %8), and Ty, is the thrust of the rotors. The angular acceleration of the inertia can be obtain from

(6), where J 7 is the inertia matrix stated in (12) and 1, is the gyroscopic forces acting on the body fixed frame
Rotation matrix from the body frame to the inertial frame is stated in (7) and (8) [24].
me X cob(me) = gRT + Ty (5)
Jb(l).b:—((Dbeb(Db)‘FTb—Tb (6)
R=R(®, z) * R(6, y) * R(g, x) )
cosOcosp sin@sinBcosp — cosPsing cosPsinfcosp + sin@sing
R = [cosOsing sin@sinBcose + cosPsing cosPsinbsing — sin@cose | b (8)
—sinf sin@cosb cosPcosb

Rotation matrix R is orthogonal, thus R™ is equal to R which is the rotation matrix from the inertial
frame to the body frame. There are 3 types of angular speeds which can describe as the derivative of (@, 6, )
with respect to time, that are @ is the roll rate, 0 is the Pitch rate, and vy is the Yaw rate. Considering
the hovering condition of quadcopter gives 4 equations of forces, directions, moments and rotation speeds.
By increasing or decreasing the rotation speed of all the propellers, the quadcopter can make movements
flying up and down.

2.3. Equation of motion

For the modelling simulation, the equation had been put on the MATLAB and Simulink software,
while the vital parameter that need to be used in the model was identified. On the Figure 3 shows the forces
and moments parameters acting on a rotor. The resultant force acting on the blade’s elements are
perpendicular to the rotor shaft. The thrust force parameter is represented in (9). The thrust generated from
the motors and the propellers drives the quadcopter to the desired state.

T = CrpA(wR)? )
Mg = CumopA(wR)’R (10)
Mg = CurpA(0R)R (11)

T is the thrust equation used for the motors, where specifically T is the thrust force. C+ is the thrust
coefficient that is related directly to the aerodynamic efficiency of the rotor, while indirectly will show how
much the propeller affects air flow and thrust by extension. p is the density of air, A is the cross section area
of the propeller’s rotation, ® is the angular velocity of the rotor and R is the radius of the rotor. Torque is
the resultant moment of all horizontal forces acting to the center of the rotor that determines the power
required from the motor to keep the quadcopter fly, represented by the drag moment Mg and the rolling
moment in the quadcopter is assume as Mg.

= M

: o~
—

Figure 3. Forces acting on a rotor [17]
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2.4, Compiled Mathematical Model

The simplified mathematical model has been developed based on the basic mathematical model
framework that have reviewed in the understanding the range of variable involved in modelling the UAV.
The method of simulation using MATLAB and Simulink using the opensource tool provide a slightly
simplified mathematical model.

Jx 0 0
Jb= [0 Jy 0] (12)
0 0 Jz

In (12) is the translational motion for describing the mass is one of the vital parameters for
the quadcopter rotational motion that required to mathematically describe it as moment of inertia, J*
Two methods that are usually used to determine the inertia parameter which are the moment of inertia
calculation and by bifilar pendulum experiment. The initialization of the equation consists of parameter of
the motors, the electronic speed controller unit (ESC), the central frame, and the arms used in the quadcopter.
Thus, the total moment of inertia equation for the DJI 450 quadcopter is in (13).

Ji=Jdim+Jdis+dip+diafori=xyz )

In (14) shows the relationship between the thrust, motors angular velocity, thrust coefficient,
and the length of the arm of the frame, whered, is arm length of the DJI F540 frame. To simplify
the equation, pAr’ is combined into Cr, thus obtain the thrust coefficient relation. The torque force of
the motor system is Q = quz where Cq includes pAr? parameters. From all of the equations, the matrix
which describes the thrusts and torques on the system can now be generated. The percent throttle is converted
into RPM using the linear regression method in (15). Where @ is the expected steady state motor RPM,
Throttle % is the command input by the user in percentage value. C, is the throttle command values from
percentage to RPM conversion coefficient. b is the y-intercept of the linear regression relationship.

XTI 1 Cr Cr Cr Cp ][wﬂ
To|_|~diCr —diCr  diCr —dsCr||wi| 14
To |~ |-diCr —diCr  diCr diCr ||w?|
Ty | —Cq Cq -G G leiJ
®s = (Throttle% * C)) + b (15)

3. SIMULATION AND ANALYSIS

The obtained physical parameter data for the quadcopter DJI F450 that is used is tabulated in
Table 1, the values were applied in the simulation to get as close to the physical data for the hardware
quadcopter of the same model. Where, dm is distance from motor to center frame, ESC width is the distance
ESC to central frame. The length of the components was measured using a standard ruler and the mass of
the components were measured using a digital scale.

Table 1. Physical parameter

Motors ESC Central Frame Arms
Mass = 48¢g Mass = 25¢g Mass = 70g Mass = 55¢g
dm =30cm width = 2.4cm radius = 6cm radius =2cm

Height = 2.75cm length = 4.5cm Height = 4.29cm Length = 18.5cm
radius = 1.35cm ds=16.0cm
3s Lipo battery mass 404g
Torque coefficient: Cq 2.1e-7 Nm/RPM"2
Thrust coefficient: C; 2.0e-6 N/RPM~"2
Throttle % to RPM: C, 46.48
Motor KV rating 1000kV

Figure 4 shows the quadcopter used on taking the parameter to be implement on the simulation.
The frame of the quadcopter used is using the DJI F450 model frame. The top hub frame had been modified
into an embedded pcb board consists of the microcontroller, sensor and communication dongle, in this case,
we use rf transceiver chip.
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Figure 4. The quadcopter parameter used

3.1. Basic Closed Loop Simulation

For the closed loop simulation, the desired attitude command will be sent to the quadcopter using
the parameters for the specific DJI450 quadcopter frame that is currently using. In Figure 5 shows the overall
complete embed control system used. The control system block begins with the attitude command block,
where we set the initial position of the quad at the starting step time, and set the desired position at the end of
the step time. The attitude command signal is then feed into the PID controller. Based on (16), basic PID was
used in the PID block. The PID gains were tune manually. The integral component for this model was not
used because of the system lacking negative value reading. The PID tuning was first started in the Z,
or the altitude component, because it’s easier to let the quadcopter hover steady before moving on to
the other attitude components of the quadcopter.

d
u(t) = Kpe(t) + Kie(t) + Ky (S) e(t) (16)
Correction Co_nt_rol Implement
Feedback Mixing :
Attitude (Attitude (Individual on the DJI Attitude
Command > correction »  motor > F450 —> output
using error speed model reading
— correction and correction) used
PID)

Figure 5. The overview of the control system block

After going on the PID block, the data then is proceeded on the next block which is the mixing
block. The mixing block will determine which motor will be turn with the correct speed to get the desired
position of the quadcopter. Moving on to the next block, the mathematical parameter from earlier will be
used on the mathematical modelling. The inertia, disturbance, drag force and all of the parameter will
determine the true position of the quadcopter. The output from this block, was observed, and the output also
will be the input feedback for the PID in the previous PID controller block.

Figure 6 shows the screenshot for the control system used in the simulation of the quadcopter using
physical parameter model DJI F450. Figure 7 until Figure 10 shows the analysis result for the specific desired
command defined for the program initialization. For the first three figure, the phi, theta and the psi position
result shows that the correction happens before the desired time step, this is because in the PID controlling
block, an auto correction system for the quadcopter was embedded, thus useful for auto hovering and
stabilizing of the quadcopter [6, 14, 19, 25]. In the altitude position result simulation, the initial position of
the quadcopter was at 3, and it follows the initial desired position which is 1, and swiftly correcting itself.
When the time step is after 10, the desired position of the altitude is 8, the quadcopter manages to maneuver
to the desired Z or altitude position within a short time.
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Figure 10. PID block for Z @ altitude position

In the Figure 6 until Figure 9, the straight line is the desired command for the quadcopter to
maneuver, while the cluttered x symbol is the actual quadcopter maneuver output. The time taken for
the quadcopter to achieve the desired point, may be varied with the capability of the motors used.

4.  CONCLUSION

In this paper, the objective of modeling and PID control system integration for quadcopter modelled
DJI F450 is achieved by construct the experiment in the simulation using the physical parameter used.
The PID increase the stabilization for the DJI F450 efficiently. The development of mathematical modelling
of the quadcopter modelled DJI F450 was also presented. For stabilization of the quadcopter, PID controller
was chosen, and implemented successfully on MATLAB. The working and performance of quadcopter is
tested and desired outputs were obtained using PID controller.
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