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Abstract: In this research, a proportional plus integral plus velocity (PIV) fuzzy gain scheduling
flight controller for an octorotor mini-unmanned aerial vehicle is developed. The designed flight
controller scheme, with a PIV term, is combined with a fuzzy gain scheduling approach. The
tracking controller PIV fuzzy gain scheduling is based on two controllers connected in cascade with a
saturation approach. The Newton—Euler equations of motion are applied to obtain a mathematical
model for the octorotor mini-unmanned aerial vehicle (mini-UAV). The flight controller approach is
applied to obtain coupling moments and forces with interconnected attitude and navigation tracking
trajectory. In the design of a flight navigation controller with two layers, the inner layer consists
of a PIV fuzzy gain scheduling controller that is applied to the attitude dynamics, obtaining the
references for the coupling outer layer PIV fuzzy gain scheduling controller, which manipulates
the translational dynamics. The navigation PIV fuzzy gain scheduling controller is saturated for
bounding in translational forces to avoid large deviations of commands to Euler angles pitch and roll,
and another saturated controller is implemented for the bounded thrust rotor to avoid the excessive
angular speed of these rotors. The octorotor mini-UAV flight navigation simulation is performed to
validate the tracking control of a sequence of motions in each axis, which is presented as a validation
for the proposed control scheme.

Keywords: fuzzy gain scheduling; octorotor; mini-UAV

1. Introduction

In the last decade, multirotor UAVs have had important developed applications such
as agriculture, construction, market, parcel, civil applications, surveillance, research, and
rescue missions. However, as the needs of society grow, new challenges and demands for
UAV applications also appear. Four-rotor configurations are the most widely used and
have many uses; however, given the new demands, these configurations may be limited.
Therefore, more robust vehicles with greater fault tolerance and stability are necessary.
It is here where eight-rotor configurations called octorotors have been studied. On the
other hand, the control techniques that allow vehicles to respond to faults quickly are just
as important.

Multi-rotors are designed with different capacities and sizes that depend on the
characteristics of the application. In [1], an octorotor UAV with a star-shaped way for
radar applications was implemented for vertical take-off and landing, adding disturbance
to be controlled with PID and LQR controllers. In other applications such as [2], an
octorotor is used for heavy cargo transportation using different kinds of techniques such
as magnetic sensor systems. In [3], heavy cargo transportation is applied in the medical
field by transporting first-aid kits or external defibrillators. In agriculture [4-6], the authors
used an octorotor for geolocation and thus detected diseased regions.
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For example, in [7], they proposed an orthographic projection based on the Kalman
filter to detect disease zones. The configuration of the octorotor that was used allowed a
gimbal placed face-down and stability for the orthographic projection method. Furthermore,
in [8], technologies for mapping and recollecting data, including thermographic cameras,
were used to inspect and detect citrus trees and other types of fruit. Monitoring rivers [9] is
another application which was implemented using a high-resolution camera in an octorotor
UAV. In [10], an octorotor was developed for night-time visual infrastructure inspection.
Here, the octorotor configuration was chosen because of its superiority in terms of payload,
stability, and fault tolerance. In [11], a lightweight octocopter was developed for monitoring
the indoor environment. The octorotor was designed with a weight of 486 (g), 308 (mm)
in width, and 160 (mm) in height to get through narrow spaces in a complex indoor
environment. Hover experiments which were conducted demonstrated the high-flying
capabilities of the octorotor. Other papers [12,13] have described the advantages of using
octorotors when a failure presents in one or more rotors because of unknown forces, since
the redundancy of eight rotors possesses the skills to continue the flight without the failed
rotor by detecting errors and using a recovery system to change the configuration.

According to the literature, octorotors are UAVs that are currently under research,
meaning that there are some unknown dynamics that remain to be studied. For this reason,
there exists a need for controllers that can respond to their uncertainty and disturbances.
In [14], a controller for a coaxial octorotor with six degrees of freedom was proposed, and the
proposed control was designed to respond in the presence of actuator faults. The technique
of the control used an approach of a radial base function neural network (RBFNN), fuzzy
logic control (FLC), and sliding mode control (SMC), named fault-tolerant control (FTC).
The control technique avoids issues of modeling and attenuating the chattering due to the
SMC. Moreover, the proposed controller allowed to reduce of the number of rulers of the
fuzzy logic. The simulations showed that the FTC guarantees the stability and robustness
of the system and reduces the chattering effect to have good tracking in the presence of
faults of the octorotor. In [15], another controller with estimation and fault tolerance was
designed. The controller presented three fault-tolerant control strategies for the octorotor.
The first was a mixing strategy, the second was a robust adaptive sliding mode control, and
the third was a new one based on the self-tuning sliding mode of the control system. The
experiments for the octorotor were carried out indoors with self-imposed faults in the rotors.
The comparison between the techniques showed efficient response fault tolerance results
for the three proposed techniques. In [16], a controller based on backstepping with a fast
terminal sliding mode was proposed for coaxial octorotor exposure to wind disturbance.
The proposed controller works with a new learning technique and extended inverse multi-
quadratic radial basis function network that estimates the unmodeled dynamics of the
octorotor. The simulations showed improved performance when compared with PID and
LQOR controllers.

One can find the fuzzy controller among the most innovative techniques, which
is used to improve the controllers, specifically the dynamic behavior of the octorotors.
In [17], an adaptive fuzzy tracking control combining Lyapunov stability theory and
backstepping was proposed. The fuzzy controller was used to estimate the unknown
dynamics of the quadrotor; nonlinear disturbance observer was also applied to compensate
for external disturbance and an approximation error for the fuzzy controller of the system.
Lyapunov stability showed that the quadrotor was stable, and the experimental shows the
effectiveness of the proposed controller. In [18], a new adaptative fuzzy terminal sliding
mode controller and two proportional and derivative (PD) controllers were proposed. The
PD controllers were proposed to determine the quadrotor desired attitude, and the sliding
mode was used for the rotation of the motors. Furthermore, two Kalman filters estimated
the quadrotor attitude and position. The simulations and implementation showed a good
performance of the control for the quadrotor.

In this work, an octorotor mini-UAV is proposed to be used in pipe inspections,
surveillance, and coordinated flight as a swarm in closed places. The proposed flight
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controller for the octorotor mini-UAV is a fuzzy gain scheduling that adapts the PIV
controller gains. The dynamic model with the controller is performed using simulation
experiments with the Newton—Euler model of the octorotor mini-UAV to validate the
proposed system.

Main Contribution

In this work, the implementation of a PIV fuzzy gain scheduling control, integrated
with the attitude, altitude, and navigation controllers, is presented, in which the attitude
and altitude have saturation functions to avoid exceeding the established limits. In this
sense, the rotors use the saturation functions that establish the speed limits for each rotor.
The conceptual design of a small-sized UAV is carried out, which is developed based on
the 3D print tools using the fused deposition modeling (FDM) technique. The contribution
of this work is summarized as follows:

1. A PIV control with fuzzy gain scheduling is designed for the trajectory tracking of the
attitude and navigation of the mini-UAV.

2. The design of the flight control system is validated by simulations using the Newton-
Euler dynamic model of the mini-UAV.

3. The real parameters of the mini-UAV were obtained through CAD software and
3D-printed parts.

The work was structured as follows: The dynamic equations for the octorotor mini-
UAV are presented in Section 2. The PIV controller is designed in Section 3. The gain
scheduling controller design was developed in Section 4. The simulation results are shown
in Section 5. Finally, the conclusions of this work are presented in Section 6.

2. Dynamic Equations for the Octorotor Mini-UAV

The dynamic model of the octorotor mini-UAV uses the configuration frame north—
east-down (NED) for aerospace. The X-axis is coupled in the north direction, the Y-axis
is located in the east direction, and the Z—axis is in the direction of the center of the Earth.
An Earth-fixed inertial frame is defined as Z={x7,y7,z7}, and a body frame attached to
the center of gravity of the octorotor mini-UAV as B={xp,y5,z5} [19,20], as can be seen in
Figure 1. In order to formulate the dynamics equation, the Newton—Euler approach is used.
The dynamic model is defined as

& =V 1)
mV = R(-Tr)+ mges @)
= EQ 3)
O = —QOxJ]Q+ 1, @)

where & = [x,,z] ' € R? describes the position coordinates relative to the inertial frame
and 77 = [¢,0,9] " € R? describes the rotation coordinates for the octorotor mini-UAV. This
is given by an orthogonal rotation matrix R € SO(3) : B — T parameterized by the Euler
angles, where ¢ is the roll angle, 6 is the pitch angle, and ¢ is the yaw angle, and then, the

rotation matrix is defined as
CoCyp  SpSeCy — CoSy  CpSpCy + S¢Sy

R =] cosp 8S¢SSyp + CpCyp CpSeSy — SpCy (5)
—Sp S¢pCo CopCo

1 S¢Sg Cq)Sg
Co Co

E= 0 Co —S¢ (6)
0 2 S
Co Co

where ¢y, s, are cosine and sine operators for each Euler angle, respectively. QO = [p,q,7]" €
R3 is the angular velocity vector in B, V = [vx,v,,v:] " € R? is the translational velocity
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vectorinZ, Ty = [O, 0, fT] T € R3 is the vertical thrust attached to the body frame consider-
ing the rotation speed of each rotor such that fr > 0,and 7, € R3 is the moments acting on
the center of gravity of the octorotor mini-UAV. In addition, the canonical basis vectors of
RR? are considered; these are represented by e; = [1,0,0] T ,e; = [0,1,0] ", and e3 = [0,0,1] .
E € R3%3 is the Euler matrix. The term m € R denotes the mass of the octorotor mini-UAV,
while ] € R3*3 contains moments of inertia such that:

Jxx ]xy Jxz
J= ]xy ]yy ]yz (7)
Jxz ]yz Jzz

To design the corresponding attitude, altitude and navigation controllers, models (1)-(4)
are used.

Figure 1. Reference frames and the direction of rotation of each rotor in the octorotor mini-UAV.

3. Flight Controller Design
3.1. Attitude and Altitude Controller

The thrust forces produced by the k-th individual rotor are given by fy = crw?, where
wy is the angular velocity of the k-th rotor, and ¢t > 0 is the thrust coefficient of the
propeller, which can be determined by experimental tests from the measurement of thrust
in the steady state.

Considering that the vector 7, = ['L}p, Tp, Ty| represents the moments acting on the
octorotor mini-UAV center of gravity and considering the allocation the pair of rotors.
For pitch moment Ty actuator, rotors my — my and ms — mg are parallel to the Xp—axis
with a separated angle of 71/4 (rad) among each rotor. For roll moment 7, the actuator
rotors m3 — my and my — mg are parallel to the Yp—axis. The reactive moment produced
by the propeller of each rotor of the octorotor mini-UAV is expressed as Qy = CQ(U]% with
k =1,...,8 where cg > 0 is the aerodynamic coefficient of the rotor propeller. The
yaw moment Ty must be assigned in the direction of rotation against each pair of rotors
(see Figure 2), where the rotors that turn clockwise are positives and the rotors that turn
counterclockwise are negative. Consequently, due to those mentioned above, the total
thrust and moments applied to the octorotor mini-UAV center of gravity are grouped
as follows:

}T

Uy

Uz
fr cr o cr cr cr cr cr crcr us
T‘f’ _ CTl —CTl —CTL —CTL —CTl CTl CTL CTL Uy (8)
To CTL CTL CTZ *CTZ *CTL *CTL *CTZ CTZ Us
Ty €Q cQ —CQ —CQ cQ cQ —CQ —C€Q Ug

uz

L ug
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where parameters L = d cos(77/8) and | = dsin(71/8) are the distance d of the octorotor
mini-UAV center of gravity with respect to the axis of rotation of the propellers. The
compact expression of the Equation (8) is shown as:

[ =CuU ©)

where C4 € R**8 represents the matrix of the aerodynamic coefficients of the octorotor
mini-UAV. Vector U = [a)%, e, wg} = [u, -+ -, ug is the vector of quadratic rotor speed,
and T = [fr, Ty, T, Ty] " represents the vector that connects the total scalar thrust fr with
the octorotor mini-UAV moments vector. Since the C4 matrix is not square, the inverse
matrix is obtained using a pseudo-inverse equation that is expressed as follows

Cy'=ch(cach)™ (10)
Then, the inverse expression of the Equation (9) is shown below.
U=C,'r (11)

Thus, the vector of the desired controller variables is obtained, which corresponds to
each of the rotors. Below, such a developed matrix expression is shown:

r1 1 1 1 A
_ _ CT 4CTZ 4CTL 8CQ
uy 1 -1 1 1
SCT 4CTl 4CTL 8 Q
U2 1 -1 1 -1
u 8CT 4CTL 4CTZ 8 Q
3 1 -1 -1 -1 ]TfT
u 8 IcrL 8
| = A e ) (12)
5 8cr  Zerl  IerL  8cq o
Ug 1 1 -1 1 Ty
8CT 4CTZ 4CTL 8 Q
uz 1 1 -1 -1
SCT 4CTL 4CTI 8
- U8 - 11 L f
L SCT 4CTL 4CTZ cQ 4

Figure 2. Reference frames and direction of rotation of each rotor in the octorotor mini-UAV.

3.1.1. Altitude Controller

The thrust T, which is aligned with Zp, is not always in the direction of the inertial
frame e3, and the component of the desired inertial force vector F,, associated with the
altitude controller can be calculated in terms of the roll angle ¢ and the pitch angle 6
such that

F,, = mzy = —fr,cos(0) cos(¢) + mg (13)
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Then, the dynamics of the desired thrust force is proposed fr, for the actuators, with
the purpose of complying with the stationary or ascending flight regime, obtaining the
following expression

1
= — —F 14
f1q cos(0) cos(¢) (mg = Fz,) (14
where ¢ < 71/2 (rad) and 0 < 7/2 (rad) are constrained to avoid a singularity of altitude
compensation, and the desired thrust force F;, is reached by an altitude controller PIV, such
that this controller is defined as

Fyy = kpoZ + kog0z + ki [ Zdt (15)

where Z = z; — z represents the translational position error, z; represents the desired
position, and z is the actual value of the translational position, with both variables in e3.
U, = v,y — v, represents the translational velocity error, where v, is the desired velocity,
and v; is the actual value of the translational velocity. A saturation is added to improve
trajectory tracking with the desired thrust force. The expression of the thrust-saturated
controller is shown below.

Fzmax if de 2 Fzmax
Fggt = Sat (de) = de if Fzmin <F2d <Fzmax (16)
Fzmin lf z S Fzmin

The PIV controller with thrust compensation is described as follows

Combining the Equations (14) and (17), the thrust controller is described below

.
cos(0) cos(¢)

fiy = (mg — ") (18)

3.1.2. Attitude Controller

For the formulation of the attitude control problem, the desired attitude vector
14 = (¢4, 04, Y4]" is considered, such that 7j = 5y — 5 giving 7 = [§,0,P] " represent-
ing the attitude errors. 7, is the vector containing the desired angles, and # are the actual
angles. () = Q; — Q) represents the angular velocity error, where vector () is the desired
angular velocity, and vector () is the actual value of the angular velocity. The control
problem is strictly the proposal of a controller vector 1,, = [7g,, To,, Ty ] 7. For attitude
control, a PIV controller is proposed. Taking into account the definition established in
vector (8), the external moments are rewritten to be expressed in terms of the proposed
controller law, as shown below as

s Kpg§ + kogP + kip [ ¢ di
Ty, | = kp99~+ kood + kigf 0 C~lt (19)
Ty, kpyp + koyT + ki [ P dt

A saturation is added to improve the attitude in the torques, and it is expressed below

; T7’lmax if T”Id 2 Tﬂmﬂx

sar __ — 1

T"/d = Sat(Tnd) = T”Id 1f T’?min <T7]d <T77max (20)
Tﬂmin if Tﬂd <7

— Nmin
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Then, the developed attitude controller equations are expressed as follows

T(;Zf = Sat <kp¢q~) + kv(pﬁ + kl‘(p./ 43 dt) (21)

T;Zt = Sat (kpgé + kyod + kl'g/ 0 dt) (22)

Ti};t = Sat (kplplﬁ + koy? + ki¢/ P dt> (23)

3.2. Navigation Controller

The attitude controller is integrated into the flight control of the octorotor mini-UAV
in such a way that the desired setpoints of the attitude vector 7, are calculated from the
translational position controller in the X — Y plane and using the reference rotation matrix
R(y) € SO(2). To obtain the desired forces of the translational position controller in the
X — Y plane, a controller of type PIV is proposed as follows
[ Fy, ] _ [ kpxX + kgyOx + kiy [ X dt (24)

Fy, kpy + kay 0y + ki, [ At

where ¥ = x; —x and j = y; — y represent the translational position error, x; and v,
represent the desired position, and x, and y are the actual value of the translational position,
with both variables in e and ey, respectively. ¥x = vy — vx and 0, = v,y — vy represent the
translational velocity errors, where v,; and vy are the desired velocities, and vy and vy are
the actual value of the translational velocities. The equations developed by the navigation
controller in the navigation plane X — Y are expressed as follows.

Fr, = kpxX +koxOx + ki [ % dt

~ - ~ 25
Fy, = kpyd+koy0y +kiy [ 7t =

The proposed PIV-type navigation controller is linked with the external controller
layer by the rotation matrix R(¢) € SO(2) to generate the desired reference angles 6,

and ¢ of the attitude controller, in such a way that the following connection between both
attitude and translational controllers are obtained.

¢ps = Fy,sin(yp) — Fy, cos(p) (26)
0s = Fy,cos(y) + Fy,sin(yp)

Equation (26) is proposed for the navigation controller of the octorotor mini-UAV to
track the trajectories in the plane X — Y.

Mixer Rotor Controllers

As a final step, the control laws corresponding to the motors of the octorotor mini-UAV,
considering the mixing matrix (12), are presented as follows
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sat sat Tgﬂt Tsat
d

a
d _d
8CT + 4CTl + 4CTL + SCQ

uc, = Sat(uq) = Sat

fsut @at T;at sat
ol d Ya
47l + 4CTL +

uc, = Sat(uy) = Sat S 4CT

f%;t (Isjadt Tga;f sat
8CT 4CTL 4CTl 8CQ

fsat T;;Zt ngat le]”t g

(27)

uC7:Sat(u7):Sat 7‘|‘4ﬁ*m*7d

fsut T;Jaf Tgut T;}at
uc, = Sat(ug) = Sat( +r + TﬂT’l — gt
where u., = Sat(uy) fork =1,...,8. Itis necessary to remark that the saturation functions
consider the actual limits of the angular velocity of the motors. This saturation function is

defined as
Umax if U > Umax

o, = Sat(uy) = up i Uiy < up < Umax (28)
Upin I we <ty
where 1., represents the maximum quadratic rotor speed and u,,;, is the minimum

quadratic rotor speed. The complete control scheme and dynamics are represented in a
diagram in Figure 3.

kig kuo
kpe kiz ko ‘;{/r Aku
A,,k/k

Reference | ¥ Yd 2 i g Navigation| %4 % r) 09
Trayectory | Control

Altitude

‘ Control ‘

’T‘ i 60
Attitude
Dynamics

Translational
Dynamics

Attitude

Ty z
Control

Figure 3. Diagram of attitude and navigation controllers applied to a dynamic model of an octorotor
mini-UAV.

4. Gain Scheduling Controller Design

The PIV controller is widely used due to its fast solution, and some researchers use
tuning applications to find the optimal constant gains for the PIV controller. Meanwhile,
the gain scheduling combines fuzzy and PIV controllers to autotune the gains in real time.
A control strategy using gain scheduling with a PIV controller is proposed for the octorotor
mini-UAV. As explained above, the objective of PIV control is to avoid deviations during
the dynamic motion. The controller can adjust the gains depending on the error size.

The fuzzy logic controller is connected to the PIV gains of the attitude, altitude, and
navigation controller with a total of six fuzzy logic controllers; each fuzzy has a membership
function, as is shown in Figure 4.

Z = [al al a2 a3]
sP = [b1 b2 b3] (29)
BP = [c1 2 3 3]

The membership functions have the error and velocity error as inputs while propor-
tional, velocity, and integral gains as outputs. The fuzzy always considers the inputs as
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positive to determine whether the error is zero (Z), small positive (SP), or big positive
(BP) value.

1 BP

0.8

0.6

0.4

0.2

(o]
at a2 b1 a3 b2 ci b3 c2 c3

Figure 4. Membership function for input and output of each controller.

Nine rules are defined in Table 1 by combining the inputs, where y(A) and y(B) are
the input position error and input velocity error, respectively. These rules are set to the six
fuzzies in each controller. The Tables 2-5 are the values for the fuzzy determined by simu-
lating an octorotor mini-UAV using only PIV control to estimate the range of parameters.

Table 1. Fuzzy rules.

u(B)
V4 SP BP
n(A)
z z z SP
SP Z SP BP
BP SP BP BP

Table 2. Parameters for roll and pitch in membership function.

z SP BP
5, 0 [000.094 0.14] [0.110.1571 0.2042]  [0.170.220.31420.3142)]
B, q [000.0610.13] [0.0950.15710.22]  [0.190.250.31420.3142)]
kp (00 64.8 129.6] 97.2 162 226.8] [194.4 259.2 324 324]
ko [006.48 12.96] 9.72 16.2 22.68] [19.44 25.92 32.4 32.4]
ki (000.45 1.3] 0.81 1.62 2.43] [1.912.75 3.24 3.24]
Table 3. Parameters for yaw in membership function.
z SP BP
P [000.78 1.25] 0.94 1.57 2.2] [1.99 2.35 3.142 3.142]
7 [000.0740.12] [0.083 0.157 0.23] [0.19 0.24 0.314 0.314]
kp (0090 180] [135 225 315] [270 360 450 450]
kv [0031.549.5] [31.567.5103.5] [85.5103.5 135 135]

ki [000.86 1.67] [0.99 2.25 3.51] [2.843.69 4.5 4.5]
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Table 4. Parameters for X and Y navigation in membership function.

z SP BP
%7 (000.751.2] (0.91521] [1.82.2533]
By, By [000.61.18] [0.73 1.5 2.24] [1.82.433]
kp [005.76 11.52] [8.64 14.4 20.16] [17.28 23.04 28.8 28.8]
ko [002.093.31] [1.74 3.6 5.34] [5.18 6.48 8.64 8.64]
ki [000.280.5] [2.09 4.32 6.41] [0.941.2 1.44 1.44]

Table 5. Parameters for Z altitude in membership function.

y4 SP BP
z (001.252] [1.52.535] [33.755 5]
&, [00254] [2.557.5] [67.510 10]
kp [0 0 240 480) [360 600 840) [720 960 1200 2400]
ko (0054 86] [54 120 180] [150 180 240 480]
ki [000.120.21] 0.14 0.3 0.45] [0.380.49 0.6 0.6]

5. Flight Controller Simulation
5.1. Parameters of the Octorotor Mini-UAV Controller

The parameters used for the numerical simulations are obtained through the octorotor
mini-UAV model in Solidworks. In Table 6, the numerical values of the model parameters
are shown.

Table 6. Parameters of the octorotor mini-UAV.

Parameter Value Parameter Value
cr 4.8853 x 107 (N-s?) Jxx 0.0048 (kg-m?)
cQ 1.4181 x 1078 (N-m-s?) Ty 0.0051 (kg-m?)
m 1.772 (kg) Jzz 0.0079 (kg-m?)
g 9.81 (m/s?) Jxy 2.3420 x 1078 (kg-m?)
d 0.115 (m) Ty 1.9100 x 1078 (kg-m?)
Jxz 8.8301 x 1077 (kg-m?)

The parameters used for the saturation are set as follows in Table 7.

Table 7. Saturation parameters.

Parameter Value Parameter Value
F . —11.76 (N) E 11.76 (N)
Tfunin —13 (N-m) Tax 13 (N-m)
Upin 1000 (RPM) Upmax 34,500 (RPM)

5.2. Control Surface

The control surface is produced by the inference logic fuzzy mechanism for a fuzzy
PIV attitude controller with programming gains. It is generated with the tuned parameters
in Tables 2 and 3 to compute the variation range of the gain sets (ky¢, kop and kip), (kpg,
kg and kig) and (kpy, koy and kiy) of the attitude controller for roll, pitch, and yaw, (as can
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be seen in Figure 5). While the control surface is produced by the inference logic fuzzy
mechanism for a fuzzy PIV navigation controller with programming gains. It is generated
with the tuned parameters in Tables 4 and 5 to compute the variation range of the gain
sets (kpx, ko and k;y), (kpy, kvy and kiy) and (kpz, kyz and k;;) of navigation and altitude
controllers in the X, Y, and Z axes, (see Figure 6). The geometric shape of the control
surface (Figures 5 and 6) is the result of the properties that achieve the tuning of fuzzy
rules implemented with the Mamdani inference method. It is used to set up the fuzzy PIV
controllers with programming gains in the attitude, altitude, and navigation dynamics of
the octorotor mini-UAV.

Vi
Wity ”///I/l// i l////// ,, \\
i NS 7
b3 Vil ”’/’//// 7 “““\\\ 7 ,,,,,,I ,,,,l “\“\\“‘“
’flﬂm/ Ui "' \‘\‘\‘\“‘“ \\‘\\ V7 il ’///I///,/// ‘\\\‘\‘\\\\\m\\““
\ WA

///,,,, I/,///I, /I// 'O \\\“\“\“\
i

i /””/l"
/I

ul
7 ‘| .\\\\\\“‘“

c3

Angular velocity error

Figure 5. Attitude control surface.

a7
i
Illllllllflllflll iy
, II,I” /l/%/m
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5.3. Trajectory Tracking Navigation
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The results of the simulation were obtained using Matlab/Simulink. In previous works,
similar algorithms were implemented. In [21], a quadrotor with a two-layer saturated PIV
controller was shown. The quadrotor follows an ascending helical trajectory which is
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decreasing. In [22], an octorotor is proposed using a nonlinear PV plus a linear integral;
in this work, the octorotor has a mass of 8 (kg), and its inertial matrix is simplified. The
octorotor follows a helical trajectory, which remains constant during time simulation. The
octorotor mini-UAV performs a sequence of movements through the axes traveling 1 m in
each axis. The sequence is —Z, X, Y, —X, Z, and the negative part of Z-axis is the take-off.
Meanwhile, the positive part is the landing, in the X-axis, and the positive part is the
forward movement, and the negative part is the backward movement. Finally, in the
Y-axis, the positive part indicates the movement from left to right.

A disturbance is added in Equation (4), such that JQ) = —Q x JQ + 1, — D, where D is
the disturbance vector that contains disturbances in each torque. The vector D = [DT¢, 0,0] T

with Dy, = ae(=(1=02/22) is 3 Gauss peak equation acting as a disturbance, where 2 = 4 is
the height of the peak curve, b = 9 is the time where the peak is in the center, c = 1 is the
standard deviation, and f is the time, see Figure 7.

4 F
=3
IS
I
2 2]
\:3,
Qo
0 . . . .
0 5 10 15 20 25 30
Time(s)

Figure 7. Disturbance Dr, for the desired torque of roll.

In the simulation, Figure 8 shows the tracking of the desired (red line) and actual
(black line) trajectories of the octorotor mini-UAV. A disturbance is added to analyze the
behavior of the gain scheduling controller that autotunes the gains to recover stability in
the octorotor mini-UAV. The following Figures 9 and 10 show the octorotor mini-UAV in
attitude, altitude, and navigation behavior. Then, the rotor speed and gains parameters are
shown. Finally, the moments and total thrust of the octorotor mini-UAV are presented.

Figure 9 shows the response of Euler angles; in the roll angle (Figure 9a), the distur-
bance recalculated the desired value (red line) of the roll angle for a stabilization. While the
actual value (black line) continues using less of an angle to recover the trajectory. For the
pitch angle (Figure 9b), there is an absence of disturbance due to this simulation considering
the disturbance only in 7y which indirectly affects the Y-axis due to the roll angle. There
is a small disturbance in the yaw angle (Figure 9c) when the disturbance in the torque is
presented at a time of 9 (s), the following two disturbances are related to the change in
direction between the X and Y axes at the times of 12 (s) and 18 (s).

Figure 10 shows the sequence of movements in each axis. In the X-axis (Figure 10a),
as can be seen, the controller is performs stabilization each time the direction changes due
to the attitude controller in 7. In the Y-axis (Figure 10b), there is a disturbance with a
peak at 9 (s) due to the disturbance in 7y. Finally, the Z-axis (Figure 10c) presents rapid
stabilization during ascending and descending.
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Figure 8. Trajectory tracking of the octorotor mini-UAYV, (a) isometric view, (b) side plane, (c) front

plane, and (d) top view.
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Figure 9. Euler angle responses in: (a) ¢, (b) 6, and (c) .
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Figure 10. Translational motion responses in: (a) X-axis, (b) Y-axis, and (c¢) Z-axis as the altitude.

Figure 11 shows the angular velocity in RPM of all rotors, which have a maximum
speed limit set to 34,500 (RPM), as obtained in the datasheet of the motor, and a minimum
speed limit set to 1000 (RPM), to avoid turning off the rotors. The regulated speed after
stabilization is 16,570 (RPM) in each rotor. All rotors are paired in two in the sense that
w1 X Wy, W3 X Wy, W5 = we, and wy =~ wg present a similar behavior with a small
difference when the octorotor mini-UAV is changing direction. When the octorotor mini-
UAV ascends, the whole rotors are stabilized at 16,570 (RPM), and then, in the X-axis
forward direction, rotors w; and w, (Figure 11a) increase their speed and ws and wg
(Figure 11c) decrease their speed. When the octorotor mini-UAV changes direction towards
the east, rotors wy and wg (Figure 11d) increase their speed and w3 and wy (Figure 11b)
decrease their speed.
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Figure 11. Rotor speed responses: (a) wi and wy, (b) w3 and wy, (¢) ws and wg, and (d) wy and wsg.

Figure 12 shows the gain behavior in the attitude controller. Figure 12a illustrates the
gains of 1y controller, where the proportional gain changes by the disturbance set. For
each change in direction, the proportional and velocity gains change. The gains of the 1y
controller (Figure 12b) present the same behavior when the octorotor mini-UAV changes
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direction, except that there is no disturbance in 74. In the 7y controller, the gains (Figure 12c)
remain constant due to the desired yaw set to zero.
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Figure 12. PIV gain responses in attitude controller: (a) kh¢, (b) kpg, and (c) kh¢ withh = p,i,v.

Figure 13 shows the gain behavior in the translation controller. Due to the gain in
attitude adjusting, the gains in the translation controller remain constants without changes.
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Figure 13. PIV Gain responses in the translation controller: (a) kj, (b) khy, and (c) ky,,, with h = p,i,v.

Figure 14 shows the total thrust of all rotors in the octorotor mini-UAV. The maxi-
mum thrust shown is 22.55 (N) at the beginning, and then the stable thrust is 11.77 (N),
which is the minimum to maintain the octorotor mini-UAV hovering during flight. The



Machines 2023, 11, 266

16 of 19

minimum total thrust shown is 5.45 (N) due to the finalization of ascending and when it
starts descending.
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Figure 14. Response of total thrust of the octorotor mini-UAV.

Figure 15 shows moment actuators in the octorotor mini-UAV, where 7y has the
disturbance added at 9 (s) to a disturbated Y-axis as it can be seen in Figure 15a. Then,
Figure 15b shows the moment 1y when the octorotor mini-UAV performs the X-axis
movements. Then, Figure 15c illustrates the 7 signal with a minimum actuation when the
octorotor mini-UAV stops ascending when the octorotor mini-UAV performs the Y-axis
movement. Finally, when the octorotor mini-UAV starts descending, these actions affect
the yaw angle between —0.02 (deg) and 0.03 (deg).
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Figure 15. Response of moments: (a) Ty, (b) 9, () Ty-

5.4. Octorotor Mini-UAV Manufacturing

The octorotor mini-UAV frame was manufactured using the FDM (fused deposition
modeling) technique with PLA (polylactide) as the primary material. The 3D printer used
was an Ultimaker. Figure 16 shows eight separately printed ducts with two ducts printed
using the black PLA to identify the front of the aircraft. The base and top of the fuselage
were printed separately due to the volume capacity of Ender 6. Finally, Figure 17 shows
the octorotor mini-UAV battery support, which is printed in two parts to avoid future
installation problems with the battery.
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Figure 17. Bottom view of the octorotor mini-UAV manufactured fuselage.

The electronic power propulsion and avionic system are proposed using eight 2205
Brushless Direct Current (BLDC) motors with 2300 (KV or RPM/V), eight Electronic
Speed Controller (ESC) with 30A-S and BLHeli_ S firmware, as well as an eight-blade
propeller mounted on each motor. A power distribution board capable of supporting
200 (A) is selected. A PixHawk PX4 ver. 2.4.8 with an STM32F103 processor that works
with 160 (MHz), and 256k of RAM is selected. A Turnigy lipo battery with 4000 (mAh), 45
configuration, and a weight of 396 (g) was selected to power up all electronic components.

6. Conclusions

The flight navigation controller PIV fuzzy gain scheduling proposed for the trajectory
tracking of the octorotor mini-UAV with attitude inner PIV fuzzy gain scheduling controller
was designed. In addition, the PIV fuzzy gain scheduling navigation controller of the
octorotor mini-UAV fulfillment a satisfactory performance for tracking trajectories. In
effect, it is mentioned that the capacity of the PIV fuzzy gain scheduling flight controller
can be tested against heavy cargo transportation and enduring gust wind disturbances.
The validation of the attitude and navigation controllers in a closed-loop system with the
dynamic model of an octorotor mini-UAV is obtained via numerical simulations. In the
simulations, a saturated PIV attitude controller with fuzzy gain scheduling tuning for a
fast response was performed. The membership functions of the fuzzy flight controller were
tuned on a heuristic procedure to obtain an underdamped response for translational and
angular positions with a low overshoot and a fast settling time. For the flight controller
tuning procedure, the output membership function of the proportional gain is tuned for
fast output response of attitude and navigation positions, then the output membership
function of the velocity gain is tuned to reduce the system oscillations; finally, the output
membership function of the integral gain is tuned to reduce the steady-state error to a value
close to zero. Furthermore, this PIV gain scheduling controller was designed to reject wind
gust disturbances fulfilling satisfactory performance of the trajectory tracking responses of
the octorotor mini-UAV. Finally, the octorotor mini-UAV fuselage was manufactured using
polylactic acid (PLA) material by the fused deposition modeling (FDM) technique, which
provides a robust and lightweight platform.
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